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Hybrid ligands are multidentate ligands. They have two or more different 
types of donating atoms which can coordinate to metal centers. Those hybrid 
donors have different coordination abilities, electronic properties etc, therefore, 
after coordination with metals, they provide different coordination mode 
which leads to different structures and different catalytic behaviors in catalytic 
reactions. The aim of this thesis is to design and develop a series of easy 
prepared hybrid ligands, to study the different structures when they coordinate 
to different metals, to study the mechanism of the formation of different 
structures, and to study the catalytic behaviors of those synthesized complexes 
and the mechanism of the catalytic reaction. The main text contains five 
chapters. 
Chapter One introduces the background of the hemilabile ligands and their 
applications in different catalytic reactions. This chapter also introduces the 
background of several metal complexes applications including ethylene 
oligomerization, olefin epoxidation, Kumada coupling reactions, 
photoluminescence etc.  
Chapter Two discusses the synthesis and structures of a series of sodium 
cubane and double-cubane aggregates using hybridized salicylaldimines. 
Those sodium complexes are used in transmetalation to nickel and chromium 
for catalytic olefin oligomerization. The structures of these sodium complexes 
are studied.  
Chapter Three focuses on the transmetalation reaction using the sodium 
complexes as reagent to prepare different nickel complexes and chromium 
complexes. With different ratio of HL
n
/NaH/NiCl2(DME), different nickel 
viii 
 
complexes were formed even use the same sodium complex. Although for 
transmetalation reaction to chromium complexes, only one chromium complex 
is formed with different ratio of HL
n
/NaH/CrCl3(THF)3. The catalytic 
behaviors of nickel complexes and chromium complexes in ethylene 
oligomerization are  studied. The nickel complexes are also used in Kumada 
coupling reaction. 
Chapter Four describes the synthesis of a family rhenium(I) complexes 
using hybridized salicylaldimines and pyridine-imine/amine ligands. The 
photoluminescence property of these rhenium complexes are studied and they 
are used in olefin epoxidation reaction. The identification of active species 
during the catalytic reaction is attempted. 
Chapter Five represents a series of rhenium complexes unexpectedly 
formed while introducing strong base in the complexation reaction between 
pyridine-amine ligands and rhenium precursors. The amine group attacks 
carbonyl group to form amide. Some studies are done to investigate the 
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Chapter 1 Introduction 
 
1.1 Hemilabileligands and their applications in catalytic reactions 
Hemilabile ligand is a type of ligand commonly used in coordination 
chemistry. It consists of at least one strongly bound donor group and one 
weakly bound donor group which coordinates reversibly to the metal center of 
a transition metal complex. The weakly bound donor group can leave the 
metal center and create a vacant coordination site of the metal center.1-3  This 
type of ligand can also stabilize a reactive intermediate.1-3  For example, in CO 
migratory insertion reaction (Scheme 1.1.1), D is a strongly bound donor and 
Z is weakly bound donor. During the reaction, Z can dissociate from the metal 
center to create a vacant site for CO coordination. After CO coordination, CO 
undergoes migration and subsequent insertion into M-R bond. Z can re-
coordinate to the metal center, which stabilizes the intermediate.3  Harrison4 
used a Rh complex in carbonylation of methanol (Scheme 1.1.2). It is found 
that the O donor in the hemilabile ligand can be replaced by CO group. This 
reaction is a reversible reaction where the O donor can re-coordinate to the 
metal center and stabilize the complex.  
Metal complexes containing hemilabile ligands have been found to be 
catalytically active in a range of reactions, including hydrogenation,5, 6 
carbonylation,7-10 hydroformylation of olefins,11-13  allylation14-16 and ring-















Scheme 1.1.2 Example for CO migratory insertion reaction4 
A series of nickel(0) complexes with ferrocene based hemilabile ligands have 
been reported by Weng and Hor (Figure 1.1.1).19-23 It is found that the weaker 
metal-ligand contacts could lead to higher ligand lability and make the metal 
more receptive to the incoming ethylene and hence higher catalytic activity 
towards ethylene oligomerization.22 In this complex, P donor is a strong donor 
while N from the imine group is a weak donor. It can be proven by comparing 
Ni-1a with Ni-1b and Ni-1c. In Ni-1a, both P and N coordinate to nickel while 
in Ni-1b and Ni-1c, only P donor from the ligand coordinates to nickel center 
(Figure 1.1.1). Reaction of Ni(COD)2 with ligand and AlMe3 (co-catalyst) in 
n-hexane gives a Ni–Al bimetallic complex where the stronger donor P still 
coordinates to nickel center while the imine N donor dissociates from the 
metal center (Scheme1.1.3).23  This complex can lead to an overall C6 
selectivity of 76% and a TOF of 200000 h-1. It is also pointed out that the 
ferrocenyl moiety is used as a spatial support in conjunction with bidentate 












Ni-1b R = tBu, R2 = H










Scheme 1.1.3 Ni-Al bimetal complex with hemilabile ligand23 
 
 


































Scheme 1.1.5 Proposed catalytic cycle for H/D exchange in ethylene 
    In 2005, Enders24 and co-workers reported the application of rhodium(I) 
and iridium(I) complexes containing hemilabile Cp-quinoline chelate ligand in 
C-H activation. It is found that irradiation of Rh-1a (dark blue) with visible 
light in solvents (deuterated benzene or cyclohexane), leads to an intensely 
colored compound Rh-1b (pale yellow). WhenRh-1b solution is kept in the 
absence of light, it slowly converts back to Rh-1a. The mechanism for H/D 
exchange in ethylene ligands was proposed in Scheme 1.1.5. Firstly, one 
ethylene molecule dissociated from the complex in the presence of visible 
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light and the unsaturated complex was stabilized by an intra-molecular 
coordination of the quinolyl nitrogen atom (Rh-1b). Because of the 
hemilability of the Rh-N bond, the C-D bond in the C6D6 solvent underwent 
oxidative addition to the Rh center with the dissociation of quinolyl group 
(Rh-1c). After the insertion of ethylene into Rh-D bond (Rh-1d) and β-H 
elimination process (Rh-1e), CH2=CHD and Rh-1f were formed. After 
reductive elimination process and ethylene coordination, Rh-1a was 
regenerated. In this process, quinolyl group works as a hemilabile ligand to 
stabilize the intermediates Rh-1b, Rh-1d, Rh-1f and to generate active vacant 
site as in Rh-1c, Rh-1e.  
    In 2007, a series of chromium complexes with hemilabile PNP ligands was 
reported.25 Among them, the molecular structures of two chromium complexes 
with PNP ligands hybridized with a long thioether donor pendant were 
determined by single X-ray diffraction (Figure 1.1.2, Cr-1a and Cr-1b). The 
purpose to introduce the long hemilabile donor pendant is to stabilize the 
intermediates and to dissociate to generate active vacant site for reaction. The 
mechanism is similar to the mechanism proposed in Scheme 1.1.5. Only 
polymer formed when Cr-1a (TOF: 24310 h-1) and Cr-1b (TOF: 29170 h-1) 
were used as catalyst for ethylene oligomerization/polymerization at 80 °C 
under 30 bar ethylene pressure. Chromium PNP complex Cr-1c without any 
pendant donor is also used for ethylene oligomerization/polymerization.26 The 
activity can reach to TOF: 15680 h-1 while 600 equiv. ZnEt2 was used as co-
catalyst. The products have a distribution among C6 to C22 oligomers. Only 
trace amount polyethylene is formed. (Conditions: Cr 0.033 mmol, PNP ligand 
0.066 mmol (2 equiv), MAO 10 mmol (300 equiv), ethylene 200 psig (14 bar), 
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in toluene (total volume of solution=50 mL), nonane (internal standard) 5.6 
mmol. Reaction time: 30 min) 
 
Figure 1.1.2 Reported chromium complexes with hemilabile PNP ligands 
 
1.2 Ethylene oligomerization 
Ethylene oligomerization is the reaction process for formation of an oligomer 
based on the ethylene monomers. The ethylene oligomerization can form 
Linear alpha olefins (LAOs) can be used as co-monomers in the production of 
high density polyethylene (HDPE) and linear low density polyethylene 
(LLDPE). They also can be used for production of synthetic lubricants and 
surfactants. Because of the readily available feedstock of ethylene, 
oligomerization of ethylene represents the main source for α-olefins in 
industry. The oligomerization of ethylene using transition metal and 
aluminium catalytic systems in industry can produce a geometric, or full-range, 
distribution of LAOs. However, the market demanding for the short-chain 
oligomers such as 1-butene, 1-hexene and 1-octene has been increased 
dramatically recently.27-29 Therefore, selective synthesis of C4 to C20 LAOs has 
become a topic of considerable interest in both academia and industry.30 
Different transition metal complexes have been used in the selective ethylene 
oligomerization, such as Ni,21-23, 31-91 Cr,25, 28, 32, 33, 80, 92-152 Co,37, 47, 51, 60, 82, 141, 
153-156 Fe,37, 47, 51, 60, 82, 154, 155, 157-160 Ti,138, 161-168 Zr,166, 167, 169-173 Cu40  & Zn47, 51, 
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174, 175-based complexes. Among them, nickel and chromium-based complexes 
have been widely studied.27, 30, 115, 176 
 
1.2.1 Nickel complexes and their catalytic behaviors in ethylene 
oligomerization 
    In 1950s, Ziegler and co-workers made a most important breakthrough in 
organometallic chemistry, namely AlR3-catalyzed “growth reaction” 
(Aufbaureaktion) of ethylene.177 It is found that the nickel salts could modify 
the products from longer chain oligomers to short chain oligomers.  
The most widely accepted mechanism for ethylene oligomerization using 
nickel complexes as catalyst is shown in Scheme 1.2.1.1.178 The process 
begins with activating the complex with co-catalyst to form active species. 
The most widely used co-catalysts are methylaluminoxane (MAO) and 
ethylaluminumdichloride. The co-catalyst abstracts the halogen to generate a 
vacant site and form a metal alkyl intermediate. It undergoes ethylene 
coordination process and further insertion. There is a competition between the 
β-hydrogen elimination to release 1-butene and further ethylene reinsertion 
process, which determines the selectivity of the catalysts. The β-hydrogen 
elimination process leads to shorter chain oligomers, while the further 























































Scheme 1.2.1.1 Mechanism of nickel complexes in ethylene 
oligomerization178 
    One of the most important Ni-catalyzed ethylene oligomerization process is 
the Shell Higher Olefin Process(SHOP),179, 180 a well-known industrial process 
to produce linear α-olefin. The structure of SHOP catalyst is shown in Figure 
1.2.1.1. It is a nickel complex with [P,O] bidentate ligand. Its activity can 
reach to 6000 mol of ethylene per mol of complex, The oligomers produced 
showed a geometric distribution among C4 to C30 products at the rate of more 
than one million tons every year.  
 
 




The examples shown in Figure 1.2.1.2arethe modification on the 
triphenylphosphine group based on SHOP catalyst.181  Replacing phenyl group 
with methyl group results in a dramatic drop in the activity dropped; while 
using cyclo-hexanyl group leads to a higher activity.  
 
Figure 1.2.1.2 Modification of SHOP catalysts on triphenylphosphine 
group181 
When introducing an electron-withdrawing group on the backbone of the 
ligand, the shorter oligomers can be obtained.182 
 
Figure 1.2.1.3 Modification of SHOP catalyst on backbone182 
 




    A variation of the [P,O] bidentate ligands in these Ni complexes is to use 
[N,O] bidentate ligands.22, 91, 182-188  Figure 1.2.1.4 shows a series of 
salicylaldimine Ni(II) complexes used in ethylene polymerization.183  However, 
most of these complexes produce polyethylene as product. It is found that 
bulky substituents in the 3-position of the salicylaldimine ring can enhance the 
activity of the catalyst towards polymerization. An electron-withdrawing 
group in the 5-position of the salicylaldimine ring also increases catalyst 
activity. This family of neutral Ni catalysts also exhibits good functional group 
tolerance and remains active in the presence of polar or protic solvents. After 
that, a lot of works have been done using nickel complexes with [N,O] 
bidentate ligands.22, 84, 92, 184-189 One effective method to produce oligomer is to 
enhance the steric hindrance of the complex by introducing the active metal 
center into a dendrimer system. In 2013, Wang84  reported the application of a 
dentritic nickel complex with salicylaldimine [N, O] ligand in ethylene 
oligomerization (Figure 1.2.1.5, Ni-5a). The result shows that most of the 
products are C10 or C14 and longer-chain products. In 2014, Malgas-Enus77 
reported a more complicated dentritic nickel complex (Figure 1.2.1.5, Ni-5b). 
It is found that most of the ethylene oligomerization products are C14 and 





                     Ni-5a84                                                     Ni-5b77 
Figure 1.2.1.5 Reported dentritic nickel complexes 
 
Figure 1.2.1.6 Ionic liquid-supported bis-(salicylaldimine) nickel 
complexes190 
Ionic liquid-supported bis-(salicylaldimine) nickel complexes as catalysts for 
ethylene oligomerization has been reported (Figure 1.2.1.6, Ni-6).190 Most of 
the products are short chain oligomers (under different reaction conditions, C4: 
13-21%, C6: 50-65%, C8: 14-32%, >C8: 2-4%) with a moderate to high 
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activity (TOF: 5400-49300 h-1). The ionic liquid phase could be reused 
without any significant decreases in TOF (97% after recycling three times 
with very similar product distributions). 
    In 2012, Xu and co-workers reported a series of nickel complexes with 
tridentate ligands (Figure 1.2.1.7) which showed very high activity of ethylene 
oligomerization.191  With introducing hemilabile donor pendant X, high 
catalytic activity (up to 10000-50000 g(oligomers)/(g(Ni)·h)) and high 1-
butene selectivity can be achieved (up to 87%).  
 
 
Figure 1.2.1.7 Nickel catalysts with hemilabile donor pendant ligands191 
 
In 2003, Kunrath and co-workers192 reported a series nickel(II) complexes 
with bis-pyrazole tridentate ligands(Figure 1.2.1.8, Ni-8). Moderate C4 
selectivity (73-86%) was obtained with a moderate to high 1-butene (62-96%) 
selectivity and a moderate TOF (1800-43000 h-1). In 2006, Ajellal and co-
workers193 reported similar nickel(II) complexes with bis-pyrazole tridentate 
ligands (Figure 1.2.1.8, Ni-9). It is found that replacing the Z donor in Ni-8 
with E donor (E = NH, O and S) improves the C4 selectivity (97.3%-98.8%) 




























E = O, S R1 R2 = H, Me, iPr, tBu  
Ni-10194 
Figure 1.2.1.8 Nickel catalysts with pyrazole tridentate ligands 
In 2011, Ulbrich and co-workers194 used nickel complexes with  tridentate 
ether-pyrazoyl ligands in ethylene oligomerization reaction(Figure 1.2.1.8, Ni-
10). Much higher activity was achieved (TOF: 6100-211000 h-1) with similar 
C4 selectivity (71-95%) but lower 1-butene selectivity (28-89%). 
Combining the high activity of nickel complexes with salicylaldimine ligands 
towards ethylene oligomerization/polymerization and high selectivity of nickel 
complexes with hemilabile donor pendant towards short chain oligomers, the 







1.2.2 Chromium complexes and their catalytic behaviors in ethylene 
oligomerization  
Chromium complexes showed a good activity and selectivity towards 1-
hexene.146, 147, 151, 189, 195-198 In 1970s, Manyik199 firstly found some of the 
ethylene formed 1-hexene during the processes for the production of 
polyethylene using trivalent chromium complexes (e.g. chromium(III) 2-
ethylhexanoate) as pre-catalyst. They explained the production of 1-hexene 
with a metallacycle as a key intermediate. This proposed mechanism was 
further studied by Briggs200 in 1989 (Scheme 1.2.2.1). It begins with oxidative 
addition of two ethylene molecules to the metal center to produce 
metallacycles. The key to the selectivity of these systems is the energetically 
preferred tendency of metallacycles to undergo a product releasing β-hydrogen 
elimination or further ethylene insertion. Many companies patented their 
works on chromium complexes, e.g. Phillips Petroleum Company,201, 202 










Scheme 1.2.2.1 Metallacycle mechanism for ethylene trimerization200 
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Chromium complexes of structure with SNS206 and PNP207 ligands (Figure 
1.2.2.1, Cr-1, Cr-2) were prepared by McGuinness in 2003. The thioether and 
phosphine donors are weaker donor comparing to amine donor in coordination 
to chromium. They were used in trimerization of ethylene with MAO as co-
catalyst. High selectivity (>97%) to 1-hexene can be achieved with low levels 
of MAO (30-100 equiv.). TOFs can reach up to around 300000 h-1 (Cr-1, 
catalyst loading: 4.6 µmol, co-catalyst: 280 equiv. MAO, pressure: 30 bar, 
temperature: 80 °C, solvent: 30 ml toluene, time: 30 mins, R = ndecyl). The 
analogues containing N functionalized with Me and Bz group were reported 
(Figure 1.2.2.2, Cr-3).208  However, they show low activity and 1-hexene 
selectivity in ethylene oligomerization. It is found that 30% to 70% of 
ethylene is converted to polyethylene. The N-H group could be deprotonated 
during activation, leading to a mono-anionic tridentate ligand. The catalytic 
results suggest that N-H functionality is essential for high activity and 
selectivity with this ligand system. 
 
                SNS (Cr-1)206             PNP (Cr-2)207             PNP (Cr-3)208 
Figure 1.2.2.1 Cr complexes with SNS (Cr-1)206,  PNP (Cr-2)207  and (Cr-
3)208 ligands 
 
Bluhm and co-workers209 tested a series of substituted phenyl imine or amine 
ligands (Figure 1.2.2.2, Cr-4, Cr-5). The D donor is the weaker donor. 
Among all the chromium complexes with tridentate imine ligands (Cr-4) only 
Cr-4a and Cr-4b show good selectivity to 1-hexene (82-98%, TOFs up to 
16 
 
5700 h-1) (catalyst loading: 10 µmol, temperature: 24-30 °C. co-catalyst: 100 
equiv. MAO, pressure: 30 bar; solvent: 30 ml toluene, time: 60 mins). 
Increasing reaction temperature leads to higher yield of the polymer. The 
chromium complexes with tridentate imine ligands (Cr-5) only give the 
selectivity of 33-44% to hexene. 
          
Cr-5a D = PPh2







            Cr-4                           Cr-4a and Cr-4b                       Cr-5             
Figure 1.2.2.2 Cr(III) complexes with substituted phenyl imine or amine 
ligands Cr-4 and Cr-5209 
 
Around a decade ago, the Tosoh Corporation developed chromium catalysts 
combining with the tris(pyrazolyl)methane ligands for ethylene trimerization 
(Cr-6a).210  The activity can reach to 15,600 g/g Cr per hour with 96% overall 
1-C6 selectivity (80 °C, 5 bar). In 2008 and 2009, Hor and co-workers 
developed related hetero-scorpionate systems.32, 33, 92 The general structures of 
these complexes (Cr-6 and Cr-7) are shown in Figure 1.2.2.3 where L donor 
is the hemilabile. They are selective for ethylene trimerization with MAO. The 
best catalyst (Cr-7, L = 3,5-dimethylpyrazyl) led to very high 1-hexene 
selectivity of 97.6% and a TOF of 98000 h-1 (Cr-7, L = 3,5-dimethylpyrazyl, 
catalyst loading: 7.9 µmol, co-catalyst: 200 equiv. MAO, temperature: 80 °C, 




            Cr-6a210                               Cr-632                                    Cr-733, 92 
 




Figure 1.2.2.4 Bis(phosphanylamine)pyridine chromium complexes Cr-8142 
    In 2013, Alzamly142 reported  a bis(phosphanylamine)pyridine chromium 
complex (Figure1.2.2.4Cr-8a). It was also treated with some commonly used 
co-catalysts and four chromium/aluminum complexes were isolated. All these 
five complexes have high activity (activity: 34000-93000 g/g(Cr) h-1 Cr-8c is 
the complex with highest activity) with a broad distribution among C4 to C18 
oligomers (conditions: 100 mL of toluene, loading 20 μmol of catalyst, 












R = Ph, iPr, Et, Me, nHexyl,
 
                               PNPN-H ligands                     PNPN-H-1 
Figure 1.2.2.5 PNPN-H ligands used in ethylene oligomerization196 
 
    Heinig196 and co-workers reported a series of PNPN-H ligands (Figure 
1.2.2.5) and used them in ethylene oligomerization with the presence of 
chromium(III) acetylacetonate. High C6 selectivity (up to 93% PNPN-H-1) 
can be obtained with very high 1-hexene selectivity (99%) and high activity 
(44500 g/g(Cr) h-1) (50°C, 30 bar, [Cr]=0.3 or 1.0 mmol/L, t=1 h, [L]/[Cr]=1.3, 
[Al]/[Cr]=25, [Cl]/[Cr]=5). 
In conclusion, chromium complexes with hybridized hemilabile ligands show 
very good activity and selectivity in ethylene oligomerization reaction. 
Therefore, in this work the chromium complexes with salicylaldiminato 
ligands with hemilabile donor pendant will be synthesized and their catalytic 
behaviors in ethylene oligomerization will be studied.   
 
1.3 Kumada coupling reaction 
   Cross-coupling reactions of organic halides with organometallic reagents 
catalyzed by transition metal complexes are very useful tools in organic 
synthesis such as Kumada,211-217 Suzuki214, 215, 218-222 and Negishi223 reactions. 
Among them, Kumada coupling reaction is one of the firstly reported catalytic 
cross-coupling methods for the formation of new C–C bonds through the 
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reaction of a Grignard reagent and an organic halide.224, 225 Because of the 
high reactivity of Grignard reagents used in the coupling reaction, the 
functional group tolerance is poorer than other coupling reactions. However, 
the high reactivity of Grignard reagents leads to milder reaction condition.212 
    In 1972, Kumada and co-workers reported C-C bond formation by cross-
coupling of Grignard reagents with a vinyl or aryl halide using dichloro[1,2-
bis(diphenylphosphino)ethane]nickel(II) (Figure 1.3.1, [NiCl2(dpe)]) 
complexes as catalyst.211 Very high yield was obtained (76 % (n-
BuMgBr+PhCl) to 98% (EtMgBr+PhCl)).   
 
Figure 1.3.1 Structure of [NiCl2(dpe)]211 
    One challenge of Kumada coupling reaction is the cross-coupling of non-
activated and β-H containing alkyl halides with Grignard reagents due to 
slower oxidative addition of alkyl halides comparing to aryl and alkenyl 
halides and undesired β-H elimination to form alkenes.226-228 
    In 2009, Hu reported a nickel(II) complex with an ionic pincer ligand 
(Figure 1.3.2, Ni-12a).229  This complex is efficient for the sp3-sp2 coupling of 
non-activated and β-H containing alkyl halides (including secondary alkyl 
iodides, primary alkyl iodides and bromides) with aryl and heteroaryl 
Grignard reagents with 3 mol% catalyst loading in the presence of amine 
additive TMEDA. High yields can be achieved at room temperature within 1 h. 
The reaction can tolerate wide range of functional groups including ester, 
amide, nitrile, ether, thioether, acetal, alcohol, indole, pyrrole, furan, pyrazole, 
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NBoc groups at the temperature ranged from -35 to -20 °C.229, 230 It is found 
that TMEDA can suppress the homo-coupling reaction which is the main side 
reaction for the cross-coupling reaction.229.231 
 
Figure 1.3.2 Reported nickel complex with pincer ligand Ni-12a229 
    In 2013, our group232  reported the application of binuclear nickel complexes 
with functionalized tripodal amine-pyrazolyl ligands in Kumada coupling of 
alkyl halides with aryl or alkyl Grignards. Compound Ni-13a with a pendant 
furan arm exhibits high activity and selectivity in the presence of TMEDA 
under milder reaction conditions (r.t., 1 hour) with 5 mol% catalyst loading. It 
is efficient for both sp3–sp3 and sp3–sp2 types of cross coupling.  
 
Figure1.3.3 Reported binuclear nickel complexes with functionalized tripodal 
amine-pyrazolyl ligands232 
 
In this work, the designed nickel complexes with hemilabile ligands will be 





1.4 Re complexes and their application in olefin epoxidation 
Rhenium and its compounds have a broad application area in catalytic 
reactions. Rhenium in the form of rhenium-platinum alloy can be used in 
catalytic reforming to convert petroleum refinery naphtha with low octane 
ratings into high-octane liquid products.233 Re2O7 can be used in the olefin 
metathesis reaction.234, 235 Olefin epoxidation reaction is an important catalytic 
reactions for which Re complexes can be used as catalyst.236, 237,238, 239 The 
compound, methyltrioxorhenium (MTO) has been found to be highly active in 
epoxidation of a series of olefins in the presence of H2O2 at different reaction 
temperatures (-10 to 70 °C) and at ambient pressure.237  Subsequently, many 
MTO/Lewis base adducts been synthesized and used as catalyst in olefin 
epoxidation.238, 240-252 Among them, rhenium Schiff base complexes have been 
proven to be efficient olefin epoxidation catalyst in the presence of H2O2.238, 
240-252 
The mechanism of olefin epoxidation catalyzed by MTO/H2O2 system is 
shown in Scheme 1.4.1. MTO(1) forms bisperoxo complex253, 190 and 
























































Scheme 1.4.1 Proposed mechanism of olefin epoxidation using MTO 
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1.4.1 Re(V) Schiffbase in olefin epoxidation 
    In 1996, Herrmann255 reported a series of Re(V) complexes (Re-1a to Re-1c) 
with tetradentate bis(salicylidene)amine ligands and these complexes were 
used as catalyst in epoxidation of cis-cyclooctene. The reaction was conducted 
at 50 °C for 10 hours in CHCl3 using tert-Butyl hydroperoxide (TBHP) as 
oxidant (catalyst/substrate/oxidant = 1/100/100, oxidant). Re-1a gives the 
highest conversion of cis-cyclooctene (75%) with highest yield (66%). The 
main side product is 2-tert-butoxycyclooctanol. It is found that the Re(V) 
complexes needed an induction period of 50-70 minutes for the Re(V) 
complexes reacting with tert-butyl hydroperoxide to form the catalytically 
active species. Although the active species could not be isolated and 
characterized, it has been proposed that an oxidation of the Re(V) center takes 
place because finally perrhenate could be isolated. 
 
Figure 1.4.1.1 Re(V) complexes with tetradentate bis(salicylidene)amine 
ligands255 
    In 2007, Herbst-Irmer256 used Re(V) oxo complexes with acetylacetone 
derived Schiff base ligand in epoxidation of cis-cyclooctene (Figure 1.4.1.2, 
Re-2a to Re-2d) (Condition: catalyst/substrate/oxidant ratio of 3:100:150, 
TBHP as oxidant, T = 50 °C). The yield of epoxide can reach to 45% after 10 
minutes and 50% after 1 hour reaction time when using complex Re-2b as 
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catalyst. No induction period was detected. However, the complexes Re-2c 
and Re-2d do not show any catalytic activities. It is proposed that Re-2b is 
presumably oxidized to the putative [ReO(O2)Cl2L] under oxidative condition 
to generate a vacant site for peroxide. It is also proposed that the inactive Re-
2c and Re-2d is caused by the much harder dissociation process of Cl- 
comparing with PPh3. 
 
Figure 1.4.1.2 Rhenium(V) oxo complexes with acetylacetone derived Schiff 
base ligand256 
 
Mosch-Zanetti257  reported several oxorhenium(V) complexes with ketiminato 
ligands and applied them in epoxidation of cyclooctene in 2009 (Figure 
1.4.1.3). The reaction was carried out in chloroform solution at 50 °C 
(catalyst/substrate/oxidant ratio of 2:100:400, TBHP as oxidant). Among them, 
complex Re-3a showed the highest epoxide yield (55%) after 7 hours reaction 
while complex Re-3f showed the lowest yield (13%). Perrhenate salt was 
observed during the catalytic reactions. It is proposed that the formation of a 











Re-3a X = Cl, Ar = 2,6-iPr2Ph
Re-3b X = Cl, Ar = 2,6-Me2Ph
Re-3c X = Cl, Ar = 2-MePh
Re-3e X = Cl, Ar = 2,6-iPr2Ph








Re-3c X = Cl, Ar = 2-MePh
Re-3d X = Cl, Ar = Ph
Re-3g X = Cl, Ar = Ph
Ar
 
Figure 1.4.1.3 Oxorhenium(V) complexes with ketiminato ligands257 
 
    In 2011, Mösch-Zanetti258 and co-workers reported olefin epoxidation 
catalyzed by Re(V) complexes containing pyridazine-based ligands (Figure 
1.4.1.4). The reaction is carried out in CHCl3 at 50 °C 
(catalyst/substrate/oxidant = 1/100/200, oxidant: TBHP). Complex Re-4c has 
the highest yield (65%) after 4 hours reaction and no further increase in the 
conversion was observed (24 hours 66% yield). Complex Re-4b gives the 
lowest yield (42%) after 4hours.From NMR and IR spectroscopies, it is 








Re-4a R = 4-MePh
Re-4b R = tBu





Figure 1.4.1.4 Re(V) complexes containing pyridazine-based ligands258 
 
Retta259 used Re(V) complexes with oxazolinylmethoxido ligands in 
epoxidation of cyclooctene with TBHP (Figure 1.4.1.5) 
(catalyst/substrate/oxidant = 1/100/300, oxidant: TBHP). Complex Re-5a 
25 
 
containing (4,5-dihydrooxazol-2-yl)-methanol gives the highest yield of 
epoxide (79%) after 5 hours; while Re-5d gives the lowest yield (46.8%). It is 
proposed the irreversible oxidation to aperrhenate(VII) ion would be the 
reason for the low activity. 
 
Figure 1.4.1.5 Rhenium(V) complexes with oxazolinylmethoxido ligands259 
 
1.4.2 Re(VII) schiffbase in olefin epoxidation 
In 2007, Kühn242, 250 and co-workers reported a series of Re(VII) complexes 
with Schiff-base ligands (Figure 1.4.2.1). In these complexes, the imine group 
does not directly coordinate to metal center. The proton from phenolic OH has 
a strong intra-molecular hydrogen bond with the nitrogen atom of the imine 
group to form a six-membered ring. The complexes are evaluated in 
epoxidation of cyclooctene. Complexes Re-6a to Re-6c showed a similar high 
catalytic activity for the epoxidation of cyclooctene at 4 hours (Yield: 60-75%) 
(condition: catalyst/substrate/oxidantratio of 1:100:200, H2O2 as oxidant). 
After 24 hours the epoxide yield reached to 100%. Complexes Re-6d and Re-
6e which have an OCH3 group on the phenyl ring, show a low activity (Yield: 
complex Re-6d: 4 hours 50%, 24 hours 55%, complex Re-6e: 4 hours 20%, 24 
hours 21%).250  Complexes Re-6c and Re-6e with electron withdrawing Schiff 





Figure 1.4.2.1 Re(VII) complexes with Schiff-base ligands [Re-6a to Re-6i] 
250 
    Zhao245 reported a series of methyltrioxorhenium(VII) with schiff-base 
ligands (Figure 1.4.2.2) and studied their catalytic performances in 
epoxidation of cyclohexene (condition: catalyst/substrate/oxidantratio of 
1:100:200, H2O2 or urea hydrogen peroxide adduct (UHP) as oxidant). When 
UHP is used as oxidant, complexes Re-7c and Re-7d with aryl substituents 
show higher activities, the epoxide yields reach up to 100% after 4 hours, 
while complexes Re-7a and Re-7b give 100% yield of epoxide when the 
reaction time is prolonged to 8 hours. It is concluded that low electron 
donating ligand leads to a weak Re-N bond, but to an active catalyst. When 
H2O2 was used as oxidant, the conversion for complexes Re-7a and Re-7b can 
reach to only around 20% after 0.5 hour. No further conversion of substrate is 
observed. For complexes Re-7c and Re-7d, 100% conversion can be achieved 
after 3 hours but the selectivity of epoxide is very low (Re-7c: 30%, Re-7d: 
2%) 
 
Figure 1.4.2.2 Re(VII) complexes with Schiff-base ligands245 
    In 2012, Kühn and Beller240 used four pyridinebis(oxazoline) ligands as 
additive in olefin epoxidation reaction using MTO as catalyst. In epoxidation 
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of 1-octene (MTO/ligand/substrate/oxidant = 3/12/100/200. oxidant: H2O2). 
Ligand L1-a/MTO shows the best catalytic performance affording >96% 



















Figure 1.4.2.3 Pyridinebis(oxazoline) ligands as additive240 
 
1.4.3 Re(I) schiffbase in olefin epoxidation 
Among the Re(I) tricarbonyl complexes, only Re(I) NOBIN Schiff base 
complex (NOBIN=1-amino-1’-hydroxylbinaphthyl) has been used as catalyst 
for olefin epoxidation.260 With 20 mol% catalyst load and TBHP as oxidant, 
the asymmetric epoxidation of styrene and several 4-substituted derivatives 
















1.4.4 Feasibility of Re(I) complexes in olefin epoxidation 
MTO and many other high-valent rhenium oxo complexes are generally air 
sensitive. It is reported261  that Re(I) carbonyl precursors can be oxidized to 
Re(VII) oxo complexes via oxidative decarbonylation. For example, while 
CpRe(CO)3 reacted with H2O2 or tert-butyl hydrogen peroxide (TBHP), 
CpReO3 can be produced.261-263 
 
 
Scheme 1.4.4.1 Oxidation of Re(I) complexes to Re(VII) complexes using 
TBHP and H2O2261-263 
 
 Therefore, it is possible to use air-stable Re(I) carbonyl complexes instead of 
air-sensitive Re(VII) complexes in olefin epoxidation in the presence of 
suitable oxidant. This strategy has been widely used in Mo complexes 
catalysed olefin epoxidation reaction.260 
In 2003, Kühn264  reported an easy one-step method to synthesize [(η5-
C5R5)MoO2Cl] from corresponding Mo(II) complexes [(η5-C5R5)Mo(CO)3Cl] 
by treating the Mo(II) complexes with 10 equivalent 5–6 M TBHP solution in 
n-decane (Scheme 1.4.4.2) It is found that Mo(VI) complexes shows the same 
high catalytic activity in epoxidation of cyclooctene as their Mo(II) precursor 






Scheme 1.4.4.2 Direct synthesis of [(η5-C5R5)MoO2Cl] from [(η5-
C5R5)Mo(CO)3Cl] 264 
 
Therefore, the olefin epoxidation can be carried out directly by the use of 
Mo(II). Many cyclopentadienyl molybdenum carbonyl complexes (Figure 
1.4.4.1)264-277  and molybdenum carbonyl complexes with other supporting 










Mo-5a X = Br, R1 = R2 = Me
Mo-5b X = Br, R1 = R2 = nPr
Mo-5c X = Br, R1 = R2 = Mes
Mo-5d X = Br, R1 = R2 = Bz
Mo-5e X = Cl, R1 = R2 = Bz









Mo-6a R = Bz























R = Me, Benzyl or Allyl
X = BF4, PF6 or OTf  
Figure 1.4.4.1 Some examples of cyclopentadienyl molybdenum carbonyl 











L = 3, 5-dimethylpyrazyl
Mo-10          
Figure 1.4.4.2 Some examples of Molybdenum carbonyl complexes used in 
olefin epoxidation catalysis278-282 
 
Among the Re(I) tricarbonyl complexes, only Re(I) NOBIN Schiff base 
complex (Figure 1.4.3.1 Re-10 NOBIN=1-amino-1’-hydroxylbinaphthyl) has 
been used as catalyst for olefin epoxidation.260 
A series of Re(I) tricarbonyl complexes containing Schiff base ligands with 
a hemilabile donor pendant will be synthesized and their catalytic activity 
towards olefin epoxidation will be studied. The hemilabile donor pendant 
might stabilize the high valent Re oxo species in the course of the catalytic 
reactions. 
 
1.5 Re complexes and their application in photoluminescence 
    The photoluminescence property of α, α'-diimine tricarbonylrhenium(I) 
complexes [Re(CO)3(phen)Cl] (phen = phenanthroline) was studied by 
Wrighton in 1974 (Figure 1.5.1, Re-9).283 It is the first example of α, α'-
diimine tricarbonylrhenium(I) complexes used in photoluminescence study. 
The emission origin (λ = 590 nm, Ф = 0.036) is resulted from the triplet 
dπ(Re)→π*(N-N) metal-to-ligand charge-transfer (MLCT) excited state. Since 
then there has been a fast-growing interest in photochemical and 
photophysical properties of α, α'-diimine rhenium(I) complexes based on 
[Re(CO)3(phen)Cl] due to their very broad range of applications such as, 
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photoredox chemistry,284 chemi- or electrochemiluminescence,285 bio-
molecular and cellular probes.286 For example, replacing the phenanthroline 
ligand with diimine (Re-10)287, 288 and 2, 2'-dipyridine,289-293 introducing 
different substituents on the pyridine ring,294-296 or replacing the chloro ligand 
with pyridine(e.g. Re-11a, Re-11b),297, 298 phosphine299 or  alkynyl ligands (e.g. 
Re-15b to Re-15d)26, 34, 194, 300-307 may lead to different photochemical and 
photophysical properties. It is found that luminescence energy increased with 
introducing the electron-donating substituent on the dipyridine ligands.308 It is 
also reported that the energy of the d-d states of the rhenium(I) center may be 
raised by incorporation of strong σ-donating ligands to the rhenium center, and 
the population of the MLCT state would be improved.309 While excitation at λ > 
350 nm, the rhenium alkynyl complexes exhibit intense orange 
phosphorescence, which occurs at lower energy comparing to rhenium 
halogen complexes. This is due to the presence of strong σ-donating alkynyl 
ligands (Figure 1.5.5). 
 
 
Figure 1.5.1 Line structure of [Re(CO)3(phen)Cl]283 
 
 










Figure 1.5.3 Reported substituted dipyridine tricarbonylrhenium(I) 
complexes294-296 
                  












Figure 1.5.4 Dipyridine rhenium complexes used in substituent effect study289 
Yang reported the photophysical effect of substituents on the dipyridine 
ligands (Figure 1.5.4).289 It is reported that the emission wavelength does not 
shift when bromo substituent is introduced to the meta-positions (Re-14a: λ = 
555 nm, Re-14b: λ = 556 nm). When electron-donating group(methyl group) 
is introduced to para-positions, very obvious blue shift occurs (Re-14c: λ = 
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533 nm). When strong electron-withdrawing group -COOCH3 is introduced at 
the same position, the emission is red-shifted to 605 nm (Re-14d).  
         
Figure 1.5.5 Reported dipyridine tricarbonylrhenium(I) complexes with 
alkynyl ligands308 
Yam replaced the chloro ligand of [Re(tBu2bpy)(CO)3Cl] with three alkynyl 
ligands (Figure 1.5.5).308 The resulted rhenium(I) alkynyls exhibit intense 
orange phosphorescence (Re-15b: λ = 610 nm, Ф< 0.001, Re-15c: λ = 610 nm, 
Ф = 0.001, Re-15d: λ = 600 nm, Ф = 0.001), with a significant red shift 
comparing to the chloro rhenium precursor (Re-15a: λ = 547 nm, Ф = 0.006).  
Besides the well-established diimine and dipyridine tricarbonylrhenium(I) 
systems, the imino-pyridine tricarbonylrhenium(I) system can be also 
potentially used in photoluminescence which has not yet been reported in the 
literature. The electron-donating group can be easily introduced to the ligand 
in two different ways, either on the pyridine ring or on the imine group. This 
kind of hybrid ligands may lead to different photoluminescence property 







1.6 Objective of this Study  
In view of the applications of hemilabile ligands in different catalytic reactions 
and photoluminescence study, the specific gaps present in those studies and 
the objectives of this work are summarized below: 
1. Salicylaldimines are widely used as ligands in catalytically active 
complexes. The ligands usually undergo a deprotonation and 
transmetalation process to form transition metal complexes which are 
used for catalysis. The intermediates have been seldom studied. In this 
work, the intermediate complexes, sodium salicylaldimines are isolated 
and fully characterized. They are used as transmetalation agent to form 
nickel complexes.. 
2. Salicylaldimine complexes have been rarely used in ethylene 
oligomerization catalysis due to low steric hindrance of the ligand 
which commonly leads to higher molecule weight polymers. 
Combining the high activity of nickel complexes with salicylaldimine 
ligands towards ethylene oligomerization/polymerization and high 
selectivity of nickel complexes with hemilabile donor pendant towards 
short chain oligomers, in this work, the nickel complexes with 
hybridized salicylaldiminato ligands will be studied. 
3. High oxidation state rhenium complexes (Re(V) and Re(VII)) have 
been  widely used in olefin epoxidation catalysis. However,  most of 
them are air sensitive. Alternatively, air stable Re(I) complexes can be 
used as pre-catalyst for this type of reaction. the  Re(I) complexes can 
be oxidized to Re(VII) complexes in situ under the olefin epoxidation 
reaction conditions. There has been rare study of Re(I) complexes in 
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olefin epoxidation in the literature. Therefore, in this thesis, a series of 
Re(I) tricarbonyl complexes will be synthesized and used as catalyst 
for olefin epoxidation. 
4. Besides the well-established diimine and dipyridine 
tricarbonylrhenium(I) systems, the imino-pyridine 
tricarbonylrhenium(I) system can also be potentially used in 
photoluminescence which has not yet been reported in the literature. 
The electron-donating group can be easily introduced to the ligand in 
two different ways, either on the pyridine ring or on the imine group. 
In this thesis, the photoluminescent properties of Re(I) complexes with 




CHAPTER 2 Synthesis and Structural 
Characterization of Sodium Cubane and Double-
cubane Aggregates of Salicylaldimines as 
Transmetalation Reagent    
 
Preface  
Selected portion of Chapter 2 was published in the following publication: 
X. Song, Z. Wang, J. Zhao, T. S. A. Hor, Sodium cubane and double-cubane 
aggregates of hybridised salicylaldimines and their transmetalation to nickel 
for catalytic olefin oligomerisation, Chem. Commun., 2013, 49(44), 4992-4994. 
 
2.1 Introduction 
    Salicylaldimines are widely used ligands in catalytically active 
complexes.310, 311 The ligands can exhibit higher coordinative ability or 
flexibility when they are hybridized with a hemilabile donor pendant, 
depending on the donor atoms presented in the pendant.312 The neutral ligands 
often require deprotonation process by e.g. Na,313-315 NaH,34, 316-323 and NaR324 
before complexation. The formed sodium phenolates/salicylaldimines can be 
further used as transmetalation reagent or intermediate to give their 
corresponding transition metal complexes which are used for catalysis.325 
These sodium phenolates are often used in situ and seldom isolated.311, 326 




Sodium phenolates have been applied extensively as reactants in Kolbe–
Schmitt synthesis to produce 2-carboxylationof phenols (Scheme 2.1.1 Kolbe-
Schmitt reaction).318, 327-330 The reaction is very useful in preparation of 
pigments, pharmaceuticals.331  The most important example is the industrial 
preparation of aspirin.332 
 
Scheme 2.1.1 Kolbe-Schmitt reaction327 
It is found that the sodium complexes can have simple NaL structure,  
Na2L2 square planar structure or NanLn cubic structure. Among the reported 
sodium complexes with cubic structures, several Na-O double cubic structures 
have been reported,316, 317, 320, 327, 333, 334 three of them are sodium phenolates.317, 
320, 327 
VanKoten and Hogerheide reported two sodium phenolate complexes in 
1993321 and 1996320, respectively. They are formed by directly deprotonation 
of ligands with sodium hydride. When bidentate ligand [OC6H4(CH2NMe2)-2]- 
is used, the formed sodium phenolate has a double cubic structure with [Na6O6] 
core (Figure 2.1.1). The phenoxide oxygen forms the core with the sodium 
atom and the N donor from the ligand which coordinates to the neighboring 
sodium atom. When tridentate ligand [OC6H2(CH2-NMe2)2-2,6-Me-4]- is used, 
single cubic structure with [Na4O4] core is formed (Figure 2.1.2). The bond 




Figure 2.1.1 Double cubic structure [NaOC6H4(CH2NMe2)-2]6320 
 
Figure 2.1.2 Single cubic structure [NaOC6H2(CH2-NMe2)2-2,6-Me-4]4321 
The simple phenol sodium cluster with THF coordinated to sodium was 
reported in 1997 (Figure 2.1.3).327  It is formed by reacting phenol with Na in 
dioxane. The solution is concentrated in vacuo and the product NaOPh 
precipitates after addition of 100 mL of petroleum ether. A hot saturated 
solution of NaOPh in THF is prepared and allowed to cool to room 
temperature. Complex Na-3 is obtained as crystallites and used to abstract 
CO2 through carboxylationto form sodium salicylate (Scheme 2.1.1: Kolbe-
Schmitt reaction). 
 
Figure 2.1.3 Double cubic structure Na-3 327 
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Grutzmacher and co-workers reported a series of sodium compounds of the 
benzophenone dianion [Na13(Ph2CO)4(Ph2CHO)4(OH)(tBuOMe)4].316  The 
structure containing the Na9O9 aggregate is shown in Figure 2.1.4. It was 
prepared by refluxing the solution of Na, NaOH and diphenylmethanol in 
toluene for 8 hours and then adding benzophenone subsequently. Na-4 is 
formed when using t-BuOMe as solvent. In the Na9O9 aggregate, four O atoms 
are from Ph2CO- and another four O atoms are from (Ph2CO)2−. The O atom in 
the centre is from OH-.   
 
Figure 2.1.4 Structure of [Na13(Ph2CO)4(Ph2CHO)4(OH)(tBuOMe)4]. 316 
In 2005, Henderson and co-workers317  prepared sodium aryloxide complexes 
with a three-dimensional cubic network structure. The basic unit of the sodium 
is Na-O double cubane structure.317 The ligands used are 4-substituted phenol. 
When the phenol complex is substituted with fluorine, it can form a cubic 
network through Na-F interaction. Furthermore, the influence of solvent on the 
structure has been also studied. If THF is used as solvent, simple double cubic 
structure Na-5a is formed. If 1,4-dioxane is used, a cubic 3-D network 
polymer can be formed (Figure 2.1.5, Na-5b and Na-5c). Figure 2.1.6 shows 
the individual hexamers connects to neighboring aggregates through bridging 




Figure 2.1.5 Na-O double cubane structure in THF and 1,4-dioxane317 
 
Figure 2.1.6 Two types of interaction in Na-5c317 
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) was treated with different 
group I metals by Rushworth and co-workers.333 The ligand and crystal 
structures are shown in Figure 2.1.7. Na-6a and Na-6b were obtained from 
different sodium forms. For Na-6a, sodium was melted to a mirror using a 
heat gun before the addition of THF and TEMPO. The obtained orange-
colored mixture was heated to reflux for 48 h. For Na-6b, sodium spheres 
were used. The central core of Na-6a consists of interpenetrating tetrahedral of 
Na and OTEMPO atoms, resulting in the formation of a distorted single cubane. 
Each sodium atom coordinates to three OTEMPO and one THF molecule.  The 
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central core of Na-6b consists of a Na6O6 double cubane core. The two O 
atoms from interface Na2O2 square are from OH-. The other four O atoms are 
from TEMPO.  
 
Figure 2.1.7 Na(TEMPO) complexes333 
In 2007, Lerner334  reported several hexameric structures with Na6O6 core. The 
solvent-free hexameric structure of (NaOSiMePh2)6 (Figure 2.1.8, Na-7a) can 
be prepared by adding sodium metal into diphenylmethylsilanol solution in 
benzene. When (NaOSiMePh2)6 is stirred in THF for 2 hours, 
(NaOSiMePh2)6(THF)2 (Na-7b: double cubic structure) is formed after 
removing the solvent under reduced pressure. Slowly evaporating the solvent 
of THF solution of (NaOSiMePh2)6 results in (NaOSiMePh2)4(THF)4 (Na-7c: 
single cubic structure). When [CpFe(CO)2]2 reacts with (NaOSiMePh2)6 in 
toluene, (NaOSiMePh2)6·[CpFe(CO)2]2 (Na-7d: double cubic structure) can be 
obtained in which one carbonyl group of the CpFe(CO)2 moiety coordinates to 
Na to form Na-O bond. All three(NaOSiMePh2)6 molecules (Na-7a, Na-7b 
and Na-7d) display a double hetero cubane with similar structural parameters. 
The vertices of each hexamer are occupied alternately by four sodium and four 
oxygen atoms as shown in Figure 2.1.8. It indicates that introducing two 
molecules of THF or two CpFe(CO)2 moieties to the double cubane of Na-7a 
does not affect the core structure. However, when more THF molecules are 
42 
 




Figure 2.1.8 Structure of sodium silanolates334 
As part of our continuous interest in the crystallographic identification of 
catalytic relevant intermediates,20, 22, 32, 34, 335 and facile transmetalation method 
for the formation of transition metal complexes, in this work we examined the 
structures of a series of new sodium phenolates/salicylaldimines and the 
unexpected formation of covalent cubanes and double-cubanes aggregates of 
these functional sodium salicylaldimines. 
 
2.2 Synthesis and structures of salicylaldimine ligands and sodium 
salicylaldimine complexes  
2.2.1 Preparation of salicylaldimine ligand precursors  
Scheme 2.2.1.1 Synthesis of HLn and complexes 1-4  
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    Four salicylaldimines (HL1-HL4) were obtained from the condensation 
reactions of 2-hydroxybenzaldehyde with the corresponding amines in 
methanol in the presence of MgSO4 and several drops of formic acid with high 
yield according to literature methods with slight modification.336, 337 
2.2.2 Synthesis and structural analysis of the sodium complexes 
 
Scheme 2.2.2.1 Four sodium complexes prepared by deprotonation reactions 
Reactions of HLn with NaH in molar equivalence in THF gives sodium 
complexes 1, 2, 4 with single cubic structure and complex 3 with double cubic 
structure according to the X-ray single crystal analysis. ESI-MS spectral 
analysis of the reaction mixtures and the isolated products provide evidence of 
aggregative complexation. For example, for complex 3 in positive mode of 
ESI-MS, the sets of the peaks at m/z 288, 533, 818, 1083 and 1348  correspond 
to fragments ([L1Na2]+, [(L1)2Na3]+, [(L1)3Na4]+, [(L1)4Na5]+ and [(L1)5Na6]+, 
respectively, whose isotopic distribution patterns agree with the simulation. 
Similar results can be obtained for the other three sodium complexes. 
Comparing the 1H-NMR spectra of these sodium aggregates with the ligand 
precursors HLn, there is the disappearance of phenoxy proton (>13 ppm) upon 
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deprotonation and complexation. An up-field shift of pyridine and imine 
protons upon complexation can be also observed (see Table 2.2.2.1). For 
example, comparing the 1H-NMR spectra of HL3 and 3, the signals of the 
protons on phenyl ring shift from 7.68-6.97 ppm to 7.55-6.15 ppm. Other 
proton signals also up-field shift (8.97 to 8.71, 2.48 to 2.35 ppm respectively).  
Table 2.2.2.1. 1H-NMR spectroscopic Data for HL1 to HL4 and complexes 1-
4 (X=N, O, S, n=1 or 2) 
  Ar-H(ppm) ArCH=N(ppm) X(CH3)n(ppm) 
HL1
7.68, 7.43, 7.34, 
7.27, 6.97 8.97 2.48 
1 
7.55, 7.10, 6.18, 
5.92 8.71 2.35 
HL2
7.62, 7.30, 7.29, 
7.14, 7.03, 6.96 8.95 3.85 
2 
7.25, 6.99, 6.87, 
6.21, 5.97 8.4 3.78 
HL3 7.44, 7.34, 6.89, 8.54 2.13 
3 
7.35, 6.74, 6.08, 
5.80 8.44 2.11 
HL4 7.68, 7.45, 6.89, 8.56 3.25 
4 7.25, 6.74, 5.82 8.46 3.23 
 
X-ray single-crystal crystallographic analysis reveals the presence of a 
common distorted [Na4O4] cubane core in [(L1)4Na4] (1) (Figure 2.2.2.1) and 
[(L4)4Na4] (4) (Figure 2.2.2.2). The tri-functional ligand uses the imine-
amine/ether function to chelate and the phenoxy oxygen to cap the cubane 
framework. The O-Na-O angles (ranging from 88.75(9)° to 95.53(9)°) and Na-
O-Na angles (ranging from 83.93(8)° to 91.61(9)°) have a distortion of Na4O4 
core from the ideal single cubane. The distortion is larger than the reported 
complexes with mono-dentate ligand (Figure 2.2.2.4, Na-8, 4°),329 bidentate 
ligands (Figure 2.2.2.5, Na-9, 3.8°)318  and tridentate ligands (Figure 2.2.2.6, 
Na-2, 3.2°),321 but less than the sodium complex with tetradentate 
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ligands(Figure 2.1.2, Na-10, 7°).338 The distortion may be caused by the 
chelate-compression of the tridentate ligand. The Na-O distances are between 
2.220(3) Å and 2.375(2) Å, which are close to those reported sodium cubane 
structures[Na-O (2.206(3) Å-2.448(3) Å)] (Table 2.1.1).316, 320, 321, 327 
 
 
Figure 2.2.2.1 X-ray structure (30% probability thermal ellipsoids) and line 
drawing of complex 1. Selected bond distances (Å) and angles (deg):  Na1-O1 
2.286(1), Na1-N1 2.412(1), Na1-N2 2.599(1), Na1-O1B 2.406 (1), O1-Na1-
O1A 92.94(4), O1-Na1-O1B 90.04(3), Na1-O1-Na1B 89.59(3). 
 
 
Figure 2.2.2.2 X-ray structure (30% probability thermal ellipsoids) and line 


























2.230(3), Na1-O2 2.304(3), Na1-N1 2.426(3), Na1-O7  2.375(2), O1-Na1-O5 
90.26(9), O5-Na1-O7  90.74(8), O1-Na1-O7 95.53(9). 
 
There are two kinds of arrangements of ligands for the cubane structures with 
tridentate ligands, isomers A and B (Figure 2.2.2.3).318 Complex 1 has  type A 
arrangement but complex 4 has type B arrangement.    
 
              A                                    B 
Figure 2.2.2.3 Two different types of ligand arrangement for cubane structure 
with tridentate ligands 
 
Figure 2.2.2.4 Reported Na-O single cubane with mono-dentate ligand329 
 












Figure 2.2.2.6 Reported Na-O single cubane with tetradentate ligand338 
Single crystals of [(L2)4Na4] (2) (Figure 2.2.2.7) is not ideal for the 
measurement in spite of several attempts. There are many disorders in the 
structure. However, it can be still found that 2 has single cubic core, similar to 
1 and 4. The rigidness of the pendent ether does not affect the core structure. 
The sodium atoms are five coordinated, three of them are from the same 
tridentate ligand, and the other two are from bridged phenoxide O atoms. The 
arrangement of ligands of 2 shows it has type B arrangement. 
 





Figure 2.2.2.8 X-ray structure (30% probability thermal ellipsoids) of 
complex 3. Selected bond distances (Å) and angles (deg): Na2-O3 2.332(2), 
Na2-O2 2.352(2), Na2-O1 2.334(2), Na2-O2A 2.557 (2), Na1-N1 2.418(2), 
Na3-N3 2.357(2), Na2-N2 2.656(3), Na1-N2 2.776(2), O1-Na2-O2A 83.41(6), 
O2-Na2-O2A 87.22(6), O3-Na2-O2 92.35(6), O3-Na2-O1 160.83(7)  
 
Figure 2.2.2.9 Line drawing of complex 3 
X-ray diffraction analysis of [(L3)6Na6] (3) (Fig. 2.2.2.8) shows a symmetric 
hexametric molecule structure with a distorted [Na6O6] double–cubane frame. 
This is the first example of hexametric stacks of sodium phenolates structures 
with a tridentate ligand. The vertices of each double cubane are occupied 
alternately by four sodium (Na1, Na1A, Na3 and Na3A) and four oxygen 
atoms (O1, O1A, O3 and O3A). The oxygen donors sandwiched between the 
cubanes are necessarily “five-coordinated”, which results in an exceedingly 
long, and presumably weak Na-O bond (2.557(2) Ǻ) amidst three other Na-O 
bonds (ave. 2.339(2) Ǻ). The angle of O3-Na2-O1 is 160.83(7)°, and it is the 
smallest angle among the reported double cubanes (Na-1 to Na-7 from 162.2°-
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178.18°).316-321 The imine nitrogen is four-coordinated and weakly bridging 
between two Na(I) atoms (Na2-N2 2.656(3) Å, Na1-N2 2.776(2) Å). This 
inequality leads to a framework distortion that is more significant than other 
double-cubanes.316-321 The bond distances of Na2-N2 and Na1-N2 are 2.656 Å 
and 2.776 Å, respectively, which are within the bridging bond distance of Na-
N (2.626(2) Å306). There are three types of sodium, viz. five-coordinated Na3 
and Na3A, 6-coordinated Na1 and Na1A that are weakly linked to the 
bridging imine N2 & N2A, as well as six-coordinated Na2 and Na2A that are 
bonded to 4 oxygen atoms. Complexes 1 and 4 are cubanes whereas 3 is a 
double-cubane. The difference can be explained by a weaker sulfur donor of 
L3 in the latter that drives the metal (sodium) to draw the neighbouring oxygen 
and nitrogen closer to achieve stabilization.  
 
2.3 Conclusions 
This section describes a clean method to prepare Na(I) salicylaldimine 
complexes containing a range of tri-functional hybridized ligands. The isolated 
and crystallographically established cubane and double-cubane frameworks of 
Na(I) complexes are reminiscent and yet contrasting of the structural diversity 
of the Ag(I) carbene intermediates used in the transmetalation reactions for 
metal NHC carbenes.339-341 This work further suggests that many known base-
assisted (typified by NaH) preparations of metal complexes could proceed via 
multinuclear Na(I) complexes instead of simplistic mononuclear or even ionic 
Na+ species. The transmetalation potential of the titled cubanes and double-




2.4 Experimental Section  
All the starting materials were used as purchased from Sigma–Aldrich and 
Alfa Aesar. All reactions were carried out in an atmosphere of dry, pure argon 
gas, using standard Schlenk protocols and glovebox. All the solvents used are 
dried through MBRAUN solvent purification system 800 series. NiCl2(DME) 
was prepared according to literature method.1 All NMR spectra were 
measured on ACF300 MHz FT NMR spectrometer. Elemental analyses were 
performed on a Perkin-Elmer PE 2400 elemental analyzer. Mass spectra were 
obtained using Bruker amaZon X ion trap mass spectrometer and Finnigan 
LCQ quadrapole ion trap mass spectrometer. Ethylene oligomerization were 
carried out using parr 5000 multi reactor heater system. Oligomer products 
were analysed by Shimadzu GC-2010 with a flame ionisation detector. The 
products were quantified, using nonane as internal standard. 
2.4.1 Synthesis of ligand precursors (HL1-HL4) 
Synthesis of HL1, HL2, HL3, HL4: All of these four ligands are literature 
known ligands (HL1,337  HL2,342  HL3,343  HL4 344). 2-hydroxybenzaldehyde 
(5.22 mL, 50 mmol) was dissolved in 50 mL of methanol. Respective amine 
(N’,N’-dimethylpropane-1,3-diamine (6.29 mL, 50 mmol), 3-methoxypropan-
1-amine (4.32 mL, 50 mmol), 2-(methylthio)aniline (6.27 mL, 50 mmol), 2-
methoxyaniline (5.63 mL, 50 mmol)) was added. MgSO4 and several drops of 
formic acid were added to the reaction mixture. After stirring at room 
temperature for 16 hours, all solvent was removed under reduced pressure. 
Dichloromethane was added to exact the product from the resultant residue. 




HL1: Yellow oil (Yield: 9.1 g, 88%). 1H-NMR (300 MHz, DMSO-d6): δ (ppm) 
= 13.5 (b, 1H, -OH), 8.54 (s, 1H, PhCH=N), 7.44 (d, 1H, Ph-H), 7.34 (t, 1H, 
Ph-H), 6.89 (t, 2H, Ph-H), 3.60 (t, 2H, CH2CH2CH2NMe2), 2.29 (t, 2H, 
CH2CH2CH2NMe2), 2.13 (s, 6H, CH3), 1.78-1.73 (m, 2H, CH2CH2CH2NMe2). 
ESI-MS (m/z): 207 ([MH]+). 
HL2: Yellow oil (Yield: 8.5 g, 89%). 1H-NMR (300 MHz, DMSO-d6): δ (ppm) 
= 13.6 (b, 1H, -OH), 8.56 (s, 1H, PhCH=N), 7.68 (m, 1H, Ph-H), 7.45 (m, 1H, 
Ph-H), 6.89 (m, 2H, Ph-H), 3.64 (t, 2H, NCH2), 3.41 (t, 2H, NCH2CH2CH2O), 
3.25 (s, 3H, OCH3), 1.87 (m, 3H, NCH2CH2CH2O). ESI-MS (m/z): 194 
([MH]+). 
HL3: Green solid (Yield: 11.5 g, 95%). 1H-NMR (300 MHz, DMSO-d6): δ 
(ppm) = 12.97 (b, 1H, -OH), 8.97 (s, 1H, PhCH=N), 7.68 (m, 1H, Ph-H), 7.43 
(m, 2H, Ph-H), 7.34 (m, 2H, Ph-H), 7.27 (m, 1H, Ph-H), 6.97 (m, 2H, Ph-H), 
2.48 (s, 3H, SCH3). ESI-MS (m/z): 244 ([MH]+). 
HL4: Orange solid (Yield: 11 g, 97%). 1H-NMR (300 MHz, DMSO-d6): δ 
(ppm) = 13.79 (b, 1H, -OH), 8.95 (s, 1H, PhCH=N), 7.62 (m, 1H, Ph-H), 7.30 
(m, 2H, Ph-H), 7.29 (m, 1H, Ph-H), 7.14 (m, 1H, Ph-H), 7.03 (m, 1H, Ph-H), 
6.96 (m, 2H, Ph-H), 3.85 (s, 3H, OCH3). ESI-MS (m/z): 228 ([MH]+). 
2.4.2 Synthesis of sodium complexes (1-4) 
Synthesis of 1: HL1 (0.206 g, 1 mmol) was dissolved in 5 mL of anhydrous 
THF and NaH (0.024 g, 1 mmol) was then added. After stirring the reaction 
mixture at room temperature for 16 hours, all solvent was removed to afford 
crude product. After washing with ether, white solid was obtained (Yield: 
0.1033 g, 45%). The white solid was dissolved in THF and hexane was laying 
on the top of the solution. After 72 hours the colourless crystal was obtained. 
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1H-NMR (300 MHz, DMSO-d6): δ (ppm) = 8.44 (s, 1H, PhCH=N), 7.35 (d, 
1H, Ph-H), 6.74 (t, 1H, Ph-H), 6.08 (d, 1H, Ph-H), 5.80 (t, 1H, Ph-H), 3.35 (t, 
2H, NCH2CH2CH2NMe2), 2.20 (t, 2H, NCH2CH2CH2NMe2), 2.11 (s, 6H, 
N(CH3)2), 1.63 (m, 2H, NCH2CH2CH2NMe2),. ESI-MS (m/z): 935 
([(L1)4Na5]+), 707 ([(L1)3Na4]+), 479 ([(L1)2Na3]+). Anal. Calcd. For 
C48H68N8O4Na4: C, 63.14; H, 7.51; N, 12.27. Found: C, 63.16; H, 7.35; N, 
12.21. 
Synthesis of 2: HL2 (0.193 g, 1 mmol) was dissolved in 5 mL of anhydrous 
THF and NaH (0.024 g, 1 mmol) was added into the reaction. After stirring 
the reaction mixture at room temperature for 16 hours, the solvent was 
removed to afford crude product. After washing with ether, white solid was 
obtained (Yield: 0.082 g, 38%). The white solid was dissolved in ether and 
hexane was laying on the top of the solution. After 72 hours the colourless 
crystal was obtained. 1H-NMR (300 MHz, DMSO-d6): δ (ppm) = 8.46 (s, 1H, 
PhCH=N), 7.25 (m, 1H, Ph-H), 6.74 (m, 1H, Ph-H), 6.08 (m, 1H, Ph-H), 5.82 
(m, 1H, Ph-H), 3.40-3.38 (m, 4H, NCH2CH2CH2), 3.23 (s, 3H, OCH3), 1.75 
(m, 3H, NCH2CH2CH2). ESI-MS (m/z): 216 ([L2NaH]+), 453 ([(L2)2Na3]+), 
668 ([(L2)3Na4]+), 883 ([(L2)4Na5]+), 1098 ([(L2)5Na6]+), 1313 ([(L2)6Na7]+). 
Anal. Calcd. For C66H84N6O12Na6: C, 61.39; H, 6.56; N, 6.51. Found: C, 61.48; 
H, 6.17; N, 6.30. 
Synthesis of 3: HL3 (0.243 g, 1 mmol) was dissolved in 5 mL of anhydrous 
THF and NaH (0.024 g, 1 mmol) was added into the reaction. After stirring 
the reaction mixture at room temperature for 16 hours, the solvent was 
removed to afford crude product. After washing with ether, white solid was 
obtained (Yield: 0.164 g, 62%). The yellow solid was dissolved in THF and 
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ether was laying on the top of the solution. After 72 hours the yellow crystal 
was obtained. 1H-NMR (300 MHz, DMSO-d6): δ (ppm) = 8.71 (s, 1H, 
PhCH=N), 7.55 (m, 1H, Ph-H), 7.10 (m, 3H, Ph-H), 6.85 (m, 2H, Ph-H), 6.18 
(m, 1H, Ph-H), 5.92 (m, 1H, Ph-H), 2.35 (s, 3H, SCH3). ESI-MS (m/z): 266 
([L3NaH]+), 288 ([L3Na2]+), 533 ([(L3)2Na3]+), 818 ([(L3)3Na4]+), 1083 
([(L3)4Na5]+), 1348 ([(L3)5Na6]+). Anal. Calcd. For C84H72N6O6S6Na6: C, 
63.38; H, 4.56; N, 5.28; S, 12.09. Found: C,63.14; H, 4.76; N, 5.27; S, 12.24. 
Synthesis of 4: HL4 (0.227 g, 1 mmol) was dissolved in 5 mL of anhydrous 
THF and NaH (0.024 g, 1 mmol) was added into the reaction. After stirring 
the reaction mixture at room temperature for 16 hours, the solvent was 
removed to afford crude product. After washing with ether, white solid was 
obtained (Yield: 0.108 g, 43%). The yellow solid was dissolved in THF and 
ether was laying on the top of the solution. After 72 hours the yellow crystal 
was obtained. 1H-NMR (300 MHz, DMSO-d6): δ (ppm) = 8.40 (s, 1H, 
PhCH=N), 7.25 (m, 1H, Ph-H), 6.99-6.87 (m, 5H, Ph-H), 6.21 (m, 1H, Ph-H), 
5.97 (m, 1H, Ph-H), 3.78 (s, 3H, OCH3). ESI-MS (m/z): 521 ([(L4)2Na3]+), 
770 ([(L4)3Na4]+), 1019 ([(L4)4Na5]+). Anal. Calcd. For C56H48N4O8Na4: C, 
67.46; H, 4.85; N, 5.62. Found: C,67.55; H,5.26; N, 5.68. 
 
2.4.3  Crystallographic information 
Diffraction measurements were conducted at 100(2)–223(2) K on a Bruker 
AXS APEX CCD diffractometer by using Mo-Kα radiation (λ = 0.71073 
Å)(Tables S1 and S2). The data were corrected for Lorentz and polarization 
effects with the SMART suite of programs and for absorption effects with 
SADABS.345  Structure solutions and refinements were performed by using the 
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programs SHELXS-97346and SHELXL-97.347 
CCDC No.: 918631 (1), 918624 (3), 918629 (4). 
 
Table 2.4.3.1 Crystallographic data and refinement parameters for complexes 
1, 3, 4. 
Compound 1 3 4 
Empirical 
formula 
C48H68N8Na4O4 C84H72N6Na6O6S6 C56H48N4Na4O8 
Formula 
weight 
913.06 1591.78 996.94 
Temperature / 
K 
100(2) 223(2) 100(2) 
Wavelength / 
Å 
0.71073 0.71073 0.71073 
Crystal system Tetragonal Triclinic Monoclinic 
Space group I4(1)/a P -1 Cc 
a / Å 20.2549(14) 12.5133(8) 16.3906(9) 
b / Å 20.2549(14) 13.8309(9) 16.5378(9) 
c / Å 12.4783(9) 25.5673(16) 18.1746(11) 
/ ° 90 84.192(2) 90 
/ ° 90 84.067(2) 100.2930(10) 
/ ° 90 65.0260(10) 90 
Volume / Å3 5119.4(6) 3981.6(4) 4847.2(5) 








0.105 0.262 0.122 
F(000) 1952 1656 2080 
Crystal size / 
mm3 
0.60 x 0.60 x 0.48 0.60 x 0.54 x 0.20 0.44 x 0.16 x 0.14 
Theta range for 
data collection 
/ ° 
1.92 to 27.50 0.80 to 27.50 1.76 to 27.50 
Reflections 
collected 
25665 52330 16970 
Independent 
reflections 
2952 [R(int) = 
0.0348] 
18232 [R(int) = 
0.0369] 





2952 / 0 / 145 18232 / 0 / 979 10146 / 2 / 653 
GOF 1.043 1.084 1.025 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0406, 
wR2 = 0.1033 
R1 = 0.0609, wR2 
= 0.1358 
R1 = 0.0618, wR2 
= 0.1185 
R indices (all 
data) 
R1 = 0.0441,wR2 
=0.1055 
R1 = 0.0784, wR2 
= 0.1446 
R1 = 0.0770, wR2 
= 0.1262 
Largest diff. 
peak and hole / 
e.Å-3 




CHAPTER 3 Synthesis and Catalytic Applications of 
Nickel and Chromium Salicylaldimines Complexes  
 
Preface  
Selected portion of Chapter 3 was published in the following publications: 
X. Song, Z. Wang, J. Zhao, T. S. A. Hor, Sodium cubane and double-cubane 
aggregates of hybridised salicylaldimines and their transmetalation to nickel 
for catalytic olefin oligomerisation, Chem. Commun., 2013, 49(44), 4992-4994. 
 
3.1 Introduction 
    As stated in Chapter 2, sodium phenolates/salicylaldimines can be used as 
transmetalation reagent or intermediate to give corresponding transition metal 
complexes.325 In this chapter the transmetalation of covalent poly-nuclear 
sodium salicylaldimines with Ni(II) and Cr(III) precursors will be discussed. 
Different structures of nickel complexes were formed when different ratios of 
sodium complex/nickel precursor were used. This formation of covalent poly-
nuclear intermediates and subsequent facile transmetalation can be related to 
the synthesis of many catalytically important metal NHC carbenes through the 
well-established silver transmetalation methodology.339-341, 348-351 For 
chromium complexes, only one kind of complex was formed for each ligand. 
    The nickel and chromium complexes formed by transmetalation via sodium 
salts were evaluated in ethylene oligomerization with EtAlCl2 as co-catalyst. 
The catalytic activities of the Ni complexes toward Kumada cross-coupling 




3.2 Synthesis of the nickel complexes via transmetalation reaction 
    Transmetalation takes place in the reaction of the sodium cubanes or 
double-cubanes with Ni(II) precursor, whereby “metal exchange” takes place 
when the ligands migrate from sodium to nickel. It can occur either in the 
direct reaction between sodium complex and Ni(II) precursor or in an one-pot 
reaction in which the ligand precursor HLn, NaH and NiCl2(DME) (DME: 
Dimethoxyethane) are mixed, proven by the  ESI-MS spectra of the reaction 
products. For example, HL3 was selected for the transmetalation under 
different conditions. Reaction 1 (HL3/NaH/NiCl2(DME)=6/6/3) is an one-pot 
reaction where ligand HL3 was mixed with NaH for 30 minutes and then 
NiCl2(DME) was added (Figure 3.2.1). Reaction 2 ((L3)6Na6/NiCl2(DME)=1:3) 
is the direct reaction between sodium complex (L3)6Na6 (single crystals) and 
NiCl2(DME) (Figure 3.2.2). The ESI-MS spectra show similar results. Both of 
the two spectra have three major peaks with the same isotopic pattern, m/z 543 
and 842 can be assigned as ([(L3)2NiH]+) and ([(L3)3Ni2]+), respectively. 





Figure 3.2.1 The ESI-MS spectrum of the product obtained from reaction 1 
 
Figure 3.2.2 The ESI-MS spectrum of the product obtained from reaction 2 
    Riding on the coordinative flexibility of the tri-functional ligands and 
geometrical variability of Ni(II), we have isolated different Ni(II) complexes 
from the use of different stoichiometric ratios of  HLn/NaH/NiCl2(DME) 




Scheme 3.2.1 Nickel complexes formed from HLn (n=1-4) assisted by NaH 
Complexes [(L1)2Ni](5), [(L1)4Ni2NaCl](6) and [[(L1)3Ni3ClOH]Cl](7) were 
obtained when HL1/NaH/NiCl2(DME) ratios are 6/6/2, 6/6/3 and 6/6/6, 
respectively. Complex 5 has a structure with two ligands and one nickel at 
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center. The geometry of nickel center is octahedral. In the positive mode of 
ESI-MS, peaks at m/z 491 can be assigned to ([(L1)2NiNa]+), which is one 
molecule of complex with a Na+ cation. The structure of complex 5 has been 
reported previously.337 
 Structure of 6 was proposed according to ESI-MS and EA results. In positive 
mode of ESI-MS, the peaks at m/z 491, 961 and 947 can be assigned to 
fragments ([(L1)2NiNa]+), ([(L1)4Ni2Na]+), ([(L1)4NiNa3]+). The structure can 
be proposed as (L1)4Ni2NaCl (Scheme 3.2.1). based on our previous work.34 In 
that work, the structure of the reported Ni-Na cluster is described as 
[L9Ni4Na3OH]Cl (L = 2-pyridinemethanol). The three nickel centers are 
bridged by the µ2-O from the ligand to form a Ni3 moiety. This Ni3 moiety 
further connects to another Ni1 moiety through three sodium atoms (through 
Ni-O-Na-O-Ni connection). The crystal structure of 7 has asymmetric units 
containing a single discrete [Ni3(μ2-L)2(μ3-L)(μ2-Cl)(μ3-OH)]+ cation, a 
chloride anion, and a solvent dichloromethane molecule (Figure 3.2.3). The 
cation contains three Ni(II) atoms, which are in an almost equilateral 
triangular arrangement. The Ni3 moiety is doubly bridged by the phenoxide 
oxygens (O1 and O3) and Cl1, and further capped by a μ3-OH and a μ3-O from 
ligand. Each Ni(II) atom of the cluster is coordinated to one L1 ligand in a 
tridentate fashion. The Ni(II) atom in 7 can be described as highly distorted 
octahedral. The distortion is because of the chelate-compression of this angle 
by the closure of the Ni1, O1, Ni2, O3, Ni3, Cl1 ring. The ring consists of 
three kinds of atoms, Ni, O and Cl, this also leads to higher distortion 
comparing with the structures only containing Ni and O in the ring. In the 
positive mode of ESI-MS, two sets of peaks can be found at m/z 263 and 843 
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corresponding to [L1Ni]+ and [(L1)3Ni3Cl(OH)]+, respectively. The isotopic 
patterns agree with the calculated ones. 
 
 
Figure 3.2.3 X-ray structures of 7 drawn at 30% probability thermal ellipsoids. 
Selected bond distances (Å) and angles (deg): Ni1-Cl1 2.462(2), Ni1-O1 
2.050(4), Ni2-O1 2.252(4), Ni2-O3 2.207(4), Ni3-Cl1 2.488(3), Ni3-O3 
2.081(5), O1-Ni1-Cl1 162.02(13), O3-Ni3-Cl1 159.92(13).  
 
Three different structures are obtained when different ratios of 
HL2/NaH/NiCl2(DME) were applied in the complexation reactions. Complex 
8 [(L2)2Ni] can be obtained when the ratio is 6/6/2. Complex 9 
[(L2)3Ni3Cl3(THF)] can be isolated when the ratio is 6/6/3. Complex 10 
[(L2)4Ni4Cl4]  is obtained when HL2/NaH/NiCl2(DME)  is 6/6/6.  
    The crystal structure of 8 has a symmetric unit with the Ni sitting on the 
center of the molecule (Figure3.2.4). The whole structure contains two mono-
anionic [L2]- ligands and one Ni(II). The coordination geometry of Ni is 
slightly distorted square planar. The OMe group from the ligand does not 
coordinate to the Ni center. This is different from the structure in 5. This is 
due to the weaker coordination ability of OMe group to nickel center 
comparing to NMe2 group. In positive mode of ESI-MS, the peaks at m/z 465 
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can be assigned to ([(L2)2NiNa]+), which is one molecule of the complex with 
a Na+ cation. The isotopic pattern agrees with the calculated one. 
    X-ray crystallography of 9 (Figure 3.2.5) is also a tri-nuclear complex 
[Ni3(μ3-L)2(μ2-L)(μ2-Cl)2Cl(THF)] which is similar to 7. It is a neutral 
complex containing three mono-anionic [L2]- ligands, three Cl-, three Ni(II) 
and one THF solvent molecule which coordinates to one Ni center. Comparing 
9 and 7, the NMe2 groups in 7 are all coordinated to Ni, while in 9, only one 
OMe group (O2) is coordinated to Ni (Ni2). The other two vacant sites are 
occupied by one THF molecule and one terminal Cl. In ESI-MS spectrum, two 
sets of peaks at m/z 694 and 822can be found in the positive mode. They can 
be assigned to [(L2)3Ni2]+ and [(L2)3Ni3Cl2]+ respectively. The isotopic 
patterns match with calculated results. 
    The formula of 10 can be proposed as (L2)4Ni4Cl4 according to ESI-MS and 
EA results. In positive mode of ESI-MS, peaks at m/z 537, 667, 822 and 952 
can be assigned to fragments [(L2)2Ni2Cl+], [(L2)2Ni3Cl3+], [(L2)3Ni3Cl2+] and 
[(L2)3Ni4Cl4+] respectively. The isotopic distribution patterns agree with the 
simulation. 
 
Figure 3.2.4 X-ray structure of 8 drawn at 30% probability thermal ellipsoids. 
Selected bond distances (Å) and angles (deg): Ni1-O1A 1.828(2), O1A-Ni1-




Figure3.2.5 X-ray structure of 9 drawn at 30% probability thermal ellipsoids. 
Selected bond distances (Å) and angles (deg): Ni1-Cl1 2.4017(8), Ni1-O5 
2.125(2), Ni2-Cl2 2.4270(9), Ni2-Cl1 2.4850(9), Ni3-Cl2 2.4764(9), Ni3-O5 
2.125(2), O5-Ni1-Cl1 161.69(7), Cl2-Ni2-Cl1 161.50(3), O5-Ni3-Cl2 
154.83(6). 
 
    Three different compounds can be obtained using HL3 as pre-ligand under 
different conditions. Complexes11 [(L3)2Ni] and 12 [(L3)3Ni2Cl] are obtained 
when HL3/NaH/NiCl2(DME) ratios are 6/6/2 and 6/6/3, respectively. Complex 
13 [(L3)2Ni3Cl4(CH3CN)] is obtained when HL2/NaH/NiCl2(DME) ratio is 
6/6/6 and crystallized from ether/acetonitrile.  
    X-ray crystallography of 11 reveals that it consists of one NiII center 
surrounded by two L3. The structure has been reported by Obodovskaya.352 
Only one set of peak can be found in positive mode of ESI-MS spectrum at 
m/z 565 corresponding to fragment [(L3)2NiNa]+. 
    X-ray crystallography of 12 shows that it is a neutral complex with two Ni 
atoms, three mono-anionic [L3]- ligands and one Cl- (Figure 3.2.6). The two 
Ni(II) centers are bridged by three phenoxide oxygens. The geometry of each 
Ni atom in 12 can also be described as distorted octahedral. The distortion is 
due to chelate compression induced by the three doubly bridged phenoxide 
oxygens (O1, O2 and O3). For ESI-MS result of 12, three sets of peaks can be 
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found at m/z 543, 637 and 844 which can be assigned to the fragments 
[(L3)2NiH]+, [(L3)2Ni2Cl]+ and [(L3)3Ni2]+ respectively.  
    X-ray crystallography of 13 (Figure3.2.7) shows that the complex structure 
is a tri-nuclear structure which is similar with 7 and 9. It is a neutral structure 
with two ligands, three nickel centers, four Cl and one acetonitrile molecule 
coordinated to nickel center. The Ni3 moiety is doubly bridged by three Cl 
(Cl1, Cl2 and Cl3) and further capped by two μ3-O from ligand (O1 and O2). 
Ni1 and Ni2 are coordinated to one L3 ligand in a tridentate fashion. It shows 
similar distortion of the nickel center with 12. ESI-MS spectrum of 13 has four 
sets of peaks at 543 ([(L3)2NiH]+), 637 ([(L3)2Ni2Cl]+), 844 ([(L3)3Ni2]+) and 
974 ([(L3)3Ni3Cl2]+). The isotopic patterns agree with the simulations .  
 
Figure 3.2.6 X-ray structure of 12 drawn at 30% probability thermal ellipsoids. 
Selected bond distances (Å) and angles (deg): Ni1-O1 1.965(3), Ni1-N1 
2.020(4), Ni1-O3 2.077(3), Ni1-O2 2.332(3), Ni2-O3 1.980(3), Ni2-O2 
2.000(3), Ni2-O1 2.176(3), O1-Ni1-O2 76.89(12), O3-Ni1-O2 73.77(12), O1-




Figure 3.2.7 X-ray structure of 13 drawn at 30% probability thermal ellipsoids. 
Selected bond distances (Å) and angles (deg): Ni1-Cl1 2.4049(7), Ni1-Cl2 
2.4251(7), Ni2-Cl1 2.4168(7), Ni2-Cl3 2.4291(7), Ni3-Cl4 2.3180(7), Ni3-Cl2 
2.4127(7), Cl1-Ni1-Cl2 166.63(2), Cl1-Ni2-Cl3 165.45(2), Cl2-Ni3-Cl3 
161.25(2).     
 
   Complex 14 [(L4)6NiNa5Cl], 15 [(L4)2Ni] and 16 [(L4)3Ni3Cl3] are obtained 
while HL4/NaH/NiCl2(DME) ratio are 6/6/1, 6/6/3 and 6/6/6, respectively.  
ESI-MS results of complex 14 show (L4)nNiNa(n-1) fragments in positive mode 
(m/z 533 ([(L4)2NiNa]+), 782 ([(L4)3NiNa2]+), 1031 ([(L4)4NiNa3]+), 1280 
([(L4)5NiNa4]+), 1530 ([(L4)6NiNa5]+)). It can be assumed that one of the 
sodium in (L4)3Na3 is replaced by NiCl. The proposed formula of 14 is 
(L4)6NiNa5Cl based on the ESI-MS results and elemental analysis result. 
    The molecular structure of 15 is confirmed by single crystal X-ray 
diffraction analysis. The structure is similar to that of compound 11. One NiII 
center is surrounded by two L4. The geometry of nickel center is octahedral. 
This structure has been reported by Zhang.336 The ESI-MS result (m/z 533 
([(L4)2NiNa]+))  is similar to that of 11. 
    Structure of 16 can be proposed as (L4)3Ni3Cl3 according to ESI-MS results. 
Peaks at m/z 511, 605 and 796 can be assigned to [(L4)2NiH+], [(L4)2Ni2Cl+] 




In summary, unique structural features of this system are that (1) the ligands 
can be chelating with a dangling donor (e.g. in 8, 9 and 12) or tridentate with 
chelate-cap over 3 metals (e.g. 7, 9 and 13); (2) Ni(II) can be mono- (e.g. 5, 8, 
11 and 15), di- (e.g. 12), or tri-nuclear (e.g. 7, 9 and 13); (3) Ni(II) can be 4- 
(e.g. 8), or 6-coordinated (e.g. 5, 7, and 9 etc); (4) stabilization of Ni(II) is 
primarily through the tridentate hybrid ligand but could also draw upon 
support from halide (in the substrate) (e.g. 7, 9, 12 and 13) and hydroxide 
(from hydrate) (e.g. 7). Combination of these drives the self-assembly to their 
thermodynamic outcomes. It is important to point out that the tri-functional 
hybrid ligands have the potential to support a multi-metallic environment but 
do not have to use up all their donor sites especially when the donors are weak 
(e.g. dangling OMe in 8 and 9, or SMe in 12) or when other supporting ligands 
(halides and hydroxide) are available. These give the system a multitude of 
flexibility that helps to stabilize both metals in different coordinative 
environments, which is essential in catalytic performance.  
 
3.3 Ethylene oligomerization using prepared nickel complexes (5 - 16) as 
catalyst 
   The catalytic activities Ni(II) complexes towards ethylene oligomerization 
have been evaluated. They generally show moderate to high activities with 
very high selectivity to C4 products (>97%) at room temperature using 10 bar 
of C2H4 and 0.01 mmol of catalyst (Ni based) and 13 equiv of EtAlCl2 as co-
catalyst and the reaction time is 0.5 hour. (Table 3.3.1) Among the C4 products, 
selectivity to 1-butene is up to 90%. Complex 6 shows the highest activity 
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with 1.5×104 g·g(Ni)-1·h-1 and highest selectivity of C4 products (99%).  
Negligible C8, C10 and polymer products are formed. 
Table 3.3.1 Oligomerization of ethylene catalyzed by hybrid-ligand supported 






(%) C4 C6 
5 (L1)2Ni 13053 99 1 36 
6 (L1)4Ni2NaCl 15104 99 1 26 
7 [(L1)3Ni3Cl(OH)] 11915 98 2 33 
8 (L2)2Ni 8751 99 1 40 
9 (L2)3Ni3Cl3(THF) 10022 98 2 43 
10 (L2)4Ni4Cl4 7675 98 2 55 
11 (L3)2Ni 2065 98 2 90 
12 (L3)3Ni2Cl 9742 98 2 41 
13 (L3)2Ni3Cl4 2463 98 2 82 
14 (L4)6NiNa5Cl 6764 98 2 56 
15 (L4)2Ni 7728 99 1 60 
16 (L4)3Ni3Cl3 1539 98 2 87 
Conditions: temperature: 25°C, pressure: 10 bar C2H4, solvent: 30 mL of 
toluene, catalyst loading: 0.01 mmol, co-catalyst: 13 equiv of EtAlCl2, 
reaction time: 0.5 hour. a1-butene selectivity: among the C4 products. 
 
    Complexes with the ligands equipped with flexible donor arms (L1 and L2) 
generally show higher activity than those rigid donor arms (L3 and L4). This is 
the demonstration of the catalytic prowess of hybrid ligands, as explained 
elsewhere.353 Between the amine (L1) and ether (L2) pendants, the former 
generally gives higher catalytically productivities presumably because of 
stronger chelating support of the catalytically active nickel. 
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Table 3.3.2 Oligomerization of ethylene catalyzed by 6 & 13 with different 
co-catalyst loading. 
 












1 5 - - - - 
2 10 2466 99 1 87 
3 13 15104 99 1 26 
4 26 13932 99 1 20 
13 
5 5 96 99 1 80 
6 10 2441 98 2 85 
7 13 2463 98 2 82 
8 26 2932 98 2 54 
Conditions: temperature: 25 °C, pressure: 10 bar C2H4, solvent 30 mL of 
toluene, catalyst loading: 0.01 mmol, reaction time: 0.5 hour. a1-butene 
selectivity: among the C4 products. 
 
    After the screening of the catalyst performance in ethylene oligomerization, 
6 and 13 were selected to further study the influence of different parameters 
on the catalytic activity.  
    The influence of co-catalyst loading is summarized in Table 3.3.2. For both 
6 and 13, increasing the co-catalyst loading generally increases the activity 
however, causes a drop of 1-butene selectivity.  
    As shown in Table 3.3.3, increasing the catalyst loading from 0.005 to 0.01 
mmol leads to a dramatic increase in the activity (entry 1 & 2). However, 
when the catalyst loading increases from 0.01 to 0.02 mmol, the activity drops 
nearly half (entries 2 & 3). This shows that for 6 in this system, 0.01 mmol of 
catalyst loading is efficient to achieve highest production of oligomers. For 
complex 13 (entry 4-6), the activity still increases when the catalyst loading 




















1 0.005 532 99 1 89 
2 0.01 15104 99 1 26 
3 0.02 7887 99 1 20 
13 
4 0.005 668 99 1 90 
5 0.01 2463 98 2 82 
6 0.02 4704 99 1 25 
Conditions: temperature: 25 °C, pressure: 10 bar C2H4, solvent 30 mL of 
toluene, co-catalyst: 13 equiv of EtAlCl2, reaction time: 0.5 hour. a1-butene 
selectivity: among the C4 products. 
 
Table 3.3.4 Oligomerization of ethylene catalyzed by 6 & 13 with different 
reaction time. 





















1 5 17427 99 1 81 
2 30 15104 99 1 26 
3 60 7600 98 2 51 
13 
4 5 35 100 0 100 
5 30 2463 98 2 82 
6 60 1455 98 2 82 
Conditions: temperature: 25 °C, pressure: 10 bar C2H4, solvent 30 mL of 
toluene, catalyst loading: 0.01 mmol, co-catalyst: 13 equiv of EtAlCl2. a1-
butene selectivity: among the C4 products  
 
Table 3.3.4 shows the influence of reaction time. For 6, the 5 minutes reaction 
gives a good activity and good selectivity towards 1-butene (entry 1), but 
when the reaction time is prolonged to 30 minutes, isomerization of 1-butene 
occurs and the majority of the catalysts are deactivated after 30 minutes (entry 
2). The catalytic results of 13 shows that after 5 minutes reaction, very small 
amount of oligomer is formed (entry 1). After 30 minutes, the activity 
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increases significantly, indicating that 13 needs an initialization period to 
convert 13 to real active species. 
    In 2008, Braunstein and Kermagoret354 reported the application of two di-
nickel complexes (Figure 3.3.1) in ethylene oligomerization under the similar 
reaction conditions (conditions: T = 25-30 ◦C, 10 bar C2H4, reaction time: 35 
min). The catalyst loading is ranged from 0.01 to 0.04 mmol and the co-
catalyst loading is set as 2, 4, 6 equivalents EtAlCl2. Generally, the 
productivities are from 500-89400 g/g(Ni)h-1. The C4 selectivity is between 63 
to 97%. The highest productivity can reach to 89400 g/g(Ni)h-1 with 70% C4 
selectivity and 10% 1-butene selectivity when 1.05×10-5 mol of Ni-11b is used 
with 6 equivalent EtAlCl2 co-catalyst.  
In our work, complex 6 with 13 equivalent co-catalyst shows a lower 
productivity (15104 g/g(Ni)h-1 comparing to reported 89400g/g(Ni)h-1), but it 
shows much higher C4 selectivity (99% comparing to reported 70%) and 
higher 1-butene selectivity (26% comparing to reported 10%) than Ni-11b. 
  








3.4 Kumada coupling reaction using nickel complexes as catalyst 
Table 3.4.1 Kumada coupling reaction between 1-bromododecane and phenyl 
magnesium bromide catalyzed by Ni(II) complexes with TMEDA as additive. 
 
Nickel catalyst Conversion of           
1-bromododecane (%) 
Yield of product (%) 
5 50 50 
7 91 53 
8 100 57 
9 100 49 
10 100 54 
11 100 26 
12 100 23 
13 100 41 
14 100 69 
15 100 47 
16 100 46 
Reaction conditions: Grignard (0.6 mmol), 1-bromododecane (0.5 mmol), catalyst 
loading: 0.05 mmol, TMEDA (0.3 mmol), reaction time: 1 hour. Conversion and 
yield were determined by 1H-NMR(mesitylene as the internal standard). 
 
    All nickel complexes prepared in this work are evaluated in Kumada 
coupling reaction. Four different aryl Grignard reagents are used to couple 
with 1-bromododecane (0.5 mmol). The results are shown in Tables 3.4.1 to 
3.4.5. 
Initial screening is carried out on the room temperature reaction of 1-
bromododecanewith phenyl magnesium bromide using nickel complex 5-16 
(TEMDA as additive). The results are shown in Table 3.4.1. Generally, these 
complexes give nearly 100% the conversions of 1-bromododecane except 5, 
and the yields of coupling product are from 23% to 69%. Among them, 14 is 
most effective, with highest yield around 69%, whereas 12 gives the lowest 
yield (23%). 5 doesn't show very good conversion and yield in this reaction, 
but it shows very good selectivity (100%) of the desired product after 1 hour 
reaction. Those nickel complexes show lower to similar yield comparing to the 
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reported results (Figure 3.4.1, Fe-1, 61%,  Conditions: alkyl halide (1.0 mmol), 
ArMgBr (2.0 mmol), catalyst (5 mol%), THF, 45 °C., time: 40 mins)355 using 
Fe(II) complexes with amine-pyrazolyl tripodal hybrid ligands as catalysts. 
For the reported Ni(II) systems, only the reaction between 1-bromodecane and 
phenyl magnesium bromide was reported.232  In this system, 81% yield was 
obtained while dinuclear Ni(II) complexes with furan tethered amine-
pyrazolyl tripodal hybrid ligands was used as catalyst in the presence of 
TMEDA (Figure 3.4.1, Ni-12, conditions: 1.0 mmol of Grignard reagent and 
0.3 mmol TMEDA in 3 mL THF were added dropwise to the mixture of Ni-12 
(5 mol% based on metal) and alkyl halide (0.5 mmol) in 1 mL THF and stirred 
at r.t. for 1 h.).232 
 
Figure 3.4.1 Reported iron complex355 and nickel complex232 used for 
Kumada coupling reaction 
    Table 3.4.2 shows the results of Kumada coupling reaction between 1-
bromododecane and 4-methylphenyl magnesium bromide under the same 
conditions. Generally, the conversions of 1-bromododecane can be reached to 
100%, and the yields of coupling products are from 24% to 60%. Among all 
the catalysts, 7 shows the highest yield (60%). Comparing to reaction between 
1-bromododecane and phenyl magnesium bromide, with introducing methyl 
group (weak electron donating group) at opposite position of the phenyl ring 
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of the Grignard reagent, the results are quite similar to the results using phenyl 
magnesium bromide. This observation is quite similar to the reported work.355 
Table 3.4.2 Kumada coupling reaction between 1-bromododecane and 4-
methylphenyl magnesium bromide catalyzed by Ni(II) complexes with 
TMEDA as additive. 
 
Nickel catalyst Conversion of          
1-bromododecane (%)
Yield of product (%) 
5 100 44 
6 100 58 
7 100 60 
8 100 50 
9 100 37 
10 100 51 
11 100 33 
12 100 24 
13 100 35 
14 100 59 
15 100 46 
16 100 44 
Reaction conditions: Grignard (0.6 mmol), 1-bromododecane (0.5 mmol), catalyst 
loading: 0.05 mmol, TMEDA (0.3 mmol), reaction time: 1 hour. Conversion and 
yield were determined by 1H-NMR (mesitylene as the internal standard). 
 
The yields obtained are similar for the substrate with or without the 
introducing of methyl group on para-position (67%  and 61% respectively).    
When Grignard reagent with much stronger electron donating group (methoxy 
group) is used in the coupling reaction, the conversion of the substrate remains 
at 100 % but the yields of the cross-coupling product are significantly 
increased from 45% to 100% (Table 3.4.3). It is reported that the yield of the 
desired product remains similar when changing the methyl group to methoxy 
group on the para-position of the phenyl ring (Figure 3.4.1, Fe-1, 61% to 
67%).355 This is quite different from the present system. In this system, 
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introducing strong electron donating group enhances the yield a lot (24%-60% 
to 45%-100%).  
Table 3.4.3 Kumada coupling reaction between 1-bromododecane and 4-
methoxyphenyl magnesium bromide catalyzed by Ni(II) complexes with 









Nickel catalyst Conversion of                  
1-bromododecane (%) 
Yield of product 
(%) 
5 100 49 
6 100 100 
7 100 100 
8 100 95 
9 100 71 
10 100 79 
11 100 45 
12 100 71 
13 100 50 
14 100 91 
15 100 77 
16 100 83 
Reaction conditions: Grignard (0.6 mmol), 1-bromododecane (0.5 mmol), catalyst 
loading: 0.05 mmol, TMEDA (0.3 mmol), reaction time: 1 hour. Conversion and 
yield were determined by 1H-NMR (mesitylene as the internal standard). 
 
    Table 3.4.4 shows the results of 1-bromododecane and 4-fluorophenyl 
magnesium bromide. With introducing of electron withdrawing group, the 
conversions are reduced (6%-61%), and there is no product detected under the 
conditions applied. This observation is same as reported work by Nakamura356 
that with introducing electron withdrawing group (CF3), the yield is 
suppressed (from 94% (PhMgBr) to 67% (p-CF3-C6H4MgBr)) (FeCl3 as 
catalyst, TMEDA as additive). Hor232 also applied  a series of dinuclear nickel 
complexes(Figure 3.4.1, Ni-12) in Kumada coupling reaction. It is found that 
when electron-poor Grignard reagent (p-F-C6H4MgBr) was used, the catalytic 
activity is also suppressed (from 81% (PhMgBr+C10H21Br) to 18% (p-F-
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C6H4MgBr+C10H21Br)). In contrast, when iron(II) complexes with 
functionalized amine-pyrazolyl tripodal ligands were used in this reaction, it is 
found that introducing electron-withdrawing group lead to an increasing of 
yield (Figure 3.4.1, Fe-1, 76% (PhMgBr+C10H21Br) to 85% (p-F-
C6H4MgBr+C10H21Br)).355 
Table 3.4.4 Kumada coupling reaction between 1-bromododecane and 4-
fluorophenyl magnesium bromide catalyzed by Ni(II) complexes with 
TMEDA as adductive. 
 
 
Nickel catalyst Conversion of                 
1-bromododecane (%) 
Yield of product 
(%) 
5 54 0 
6 41 0 
7 7 0 
9 22 0 
10 18 0 
11 23 0 
12 61 0 
13 26 0 
14 9 0 
15 6   0 
16 42 0 
Reaction conditions: Grignard (0.6 mmol), 1-bromododecane (0.5 mmol), catalyst 
loading: 0.05 mmol, TMEDA (0.3 mmol), reaction time: 1 hour. Conversion and 
yield were determined by 1H-NMR (mesitylene as the internal standard). 
 
    The influence of adductive (TMEDA) were also studied. The results are 
shown in Table 3.4.5. Entry 1-4 show the results of the reaction between 1-
bromododecane and 4-methoxyphenyl magnesium bromide with/without 
TMEDA and entry 5 and 6 show the results of the reaction between 1-
bromododecane and 4-methylphenyl magnesium bromide with/without 
TMEDA. Addition of TMEDA leads to significantly high yield of the cross 
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coupling products. It is reported that the additive can help to suppress the 
homo-coupling reaction so that increase the yield of cross-coupling product.229 
Table 3.4.5 The influence study of additive(TMEDA)  
 
Entry Nickel catalyst adductive Yield of product (%) 
1 6 50 mol% TMEDA 100 
2 6 No 26 
3 9 50 mol% TMEDA 71 
4 9 No 26 
 
5 10 50 mol% TMEDA 51 
6 10 No 31 
Reaction conditions: Grignard (0.6 mmol), 1-bromododecane (0.5 mmol), catalyst 
loading: 0.05 mmol, reaction time: 1 hour. Conversion and yield were determined by 
1H-NMR (mesitylene as the internal standard). 
 
3.5 Synthesis of the chromium complexes and their catalytic applications 
in ethylene oligomerization  
3.5.1 Synthesis of the chromium complexes 
Different from nickel system, when different stoichiometric ratios of  
HLn/NaH/CrCl3(THF)3 were applied in the transmetalation reaction, only one 
type of chromium product forms for each ligand precursor. [L1CrCl2(THF)] 
(17) (Figure 3.5.1.1), [L2CrCl2(THF)] (18) and [L3CrCl2(THF)] (19) (Figure 
3.5.1.2),  [L4CrCl2(THF)] (20) (Figure 3.5.1.3) were obtained when HL1, HL2, 
HL3and HL4 were used in the complexation reaction, respectively. The ESI-
MS spectra of 17 - 20 only have one set of peak in positive mode which can be 




Figure 3.5.1.1 X-ray structure of 17 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Cr1-O1 1.9137(15), 
Cr1-N1 2.0226(19), Cr1-O2 2.0780(16), Cr1-N2 2.1880(19), Cr1-Cl1 
2.3342(6), Cr1-Cl2 2.3375(6), O1-Cr1-N187.22(7), O1-Cr1-N2 90.86(7), 
N1-Cr1-N286.39(7), Cl1-Cr1-Cl2 90.31(2). 
 
These four complexes have similar structures. The coordination geometry of 
the chromium center is octahedral, three of the coordinate sites are occupied 
by the tridentate mono-anionic ligand. The other three sites are occupied by 
two Cl- and one THF molecule. For 19 and 20, the ligands are pincer ligands, 
while for 17, the donors from the ligands are cis to each other. It is because L3 
and L4 act as pincer ligands while L1 has a flexible donor pendant of which the 
donors are more favorable in cis position. The bond distance of Cr-O1 
(phenoxide oxygen) (1.875(3)-1.9137(15) Å) is much shorter comparing to 
Cr-O2 (O from THF) (2.069(11)-2.0780(16) Å). Cr-O1 and Cr-O2 are similar 
with reported data (Figure 3.4.4, Cr-2-1,357, 358 Cr-O1  1.927 Å, Cr-O2  2.114 
Å; Cr-2-2,134 Cr-O1 1.907(3) Å, Cr-O2 2.062(5)-2.071(4) Å) The bond 
distances of Cr-N (1.994(3)-2.025(2) Å) and Cr-Cl (2.3083(11)-2.3410(10) Å) 
are also similar with reported results (Cr-N 2.008-2.038(4) Å, Cr-Cl 2.304-




Figure 3.5.1.2 X-ray structure of 19 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Cr1-O1 1.903(2), 
Cr1-N1 2.025(2), Cr1-O2 2.069(11), Cr1-Cl2 2.3095(9), Cr1-Cl1 2.3339(9), 
Cr1-S1 2.4540(10), O1-Cr1-N1 90.92(9), O1-Cr1-S1 172.56(7), N1-Cr1-S1 




Figure3.5.1.3 X-ray structure of 20 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Cr1-O1 1.875(3), 
Cr1-N1 1.994(3), Cr1-O3 2.034(2), Cr1-O2 2.077(2), Cr1-Cl1 2.3083(11), 
Cr1-Cl2 2.3410(10), O1-Cr1-N1 93.61(11), O1-Cr1-O2 173.81(10), N1-Cr1-
O2 80.23(11), Cl1-Cr1-Cl2 175.52(4). 
 
 
Figure 3.5.1.4 Reported salicylaldimine chromium complexes134,358, 359 
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3.5.2 Ethylene oligomerization using chromium complexes as catalysts 
The chromium complexes were also used in ethylene oligomerization reaction 
under the similar reaction conditions mentioned above (conditions: 
temperature: room temperature, pressure: 10 bar C2H4, solvent 30 mL of 
toluene, co-catalyst: 13 equiv of EtAlCl2, reaction time: 0.5 hour). However, 
they only produce poly-ethylene without any oligomers. This may be due to 
steric property of the ligands used which do not provide enough steric 
hindrance to promote the dissociation process..Cr-2-2 has also been used in 




This section describes an efficient method to prepare a range of structurally 
distinctive and catalytically active Ni(II) complexes through a clean 
transmetalation pathway using Na(I) complexes containing a range of tri-
functional hybridized  ligands. All Ni(II) complexes have been used in 
catalytic oligomerization of ethylene. They generally show moderate to high 
activities with very high selectivity to C4 products (>97%). Complexes with 
the ligands equipped with flexible donor arms generally show better activity 
than those rigid donor arms (L3 and L4). The nickel complexes also have been 
used for Kumada coupling reaction between 1-bromododecane and four 
different aryl Grignard reagents. When phenyl magnesium bromide is used as 
aryl Grignard reagent, the conversions of 1-bromododecane are nearly 100%, 
and the yields of coupling product are from 23% to 69%. The yield of the 
product can be greatly enhanced with introducing of electron donating group 
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at para-position of the phenyl ring of the Grignard reagent. While strong 
electron withdrawing group is introduced, the reaction is greatly suppressed 
and no product is formed. The adductive (TMEDA) is also been proved that it 
can greatly enhance the cross-coupling reaction.  
  Four chromium salicylaldimine complexes were prepared through 
transmetalation of sodium cubanes. Different from nickel complexes, only one 
chromium complex is formed when different NaH/CrCl3(THF)3 ratios were 
used. Only poly-ethylenes were produced when using these chromium 
complexes as catalyst in ethylene oligomerization. This may be due to less 
steric hindrance of the ligands. 
 
3.7 Experimental section 
General consideration: referring to 2.4 
3.7.1 Synthesis of nickel complexes (5-16) 
Synthesis of 5: HL1 (0.248 g, 1.2 mmol) was dissolved in 5 mL of anhydrous 
THF. NaH (0.0288 g, 1.2 mmol) was then added into the solution obtained 
above. After stirring at room temperature for 1 hour, NiCl2(DME) (0.088 g, 
0.4 mmol) was added and the reaction mixture was stirred for 12 hours at 
room temperature. After all solvents were removed, yellow solid was obtained 
as crude product. It was purified by recrystallization from 
tetrahydrofuran/ether mixed solvents. Yellow solid complex was obtained 
(Yield: 0.09 g, 96%). ESI-MS(m/z): 491 ([(L1)2NiNa]+). Anal. Calcd. For 
C24H34N4NiO2: C, 61.43; H, 7.30; N, 11.94. Found: C,61.02; H, 6.95; N, 12.09. 
Synthesis of 6: HL1 (0.248 g, 1.2 mmol) was dissolved in 5 mL of anhydrous 
THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After stirring at 
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room temperature for 1 hour, NiCl2(DME) (0.132 g, 0.6 mmol) was added. 
After overnight reaction, the solvent was removed to afford yellow solid. The 
solid was recrystallized from tetrahydrofuran/ether mixed solvents. Yellow 
solid complex was obtained (Yield: 0.140 g, 44%).  ESI-MS(m/z): 491 
([(L1)2NiNa]+), 961 ([(L1)4Ni2Na]+). Anal. Calcd. For C24H34ClN4NaNiO2: C, 
54.63; H, 6.49; N, 10.62. Found: C,54.44; H, 6.36; N, 10.62. 
Synthesis of 7: HL1 (0.248 g, 1.2 mmol) was dissolved in 5 mL of anhydrous 
THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After stirring at 
room temperature for 1 hour, NiCl2(DME) (0.264 g, 1.2 mmol) was added. 
After overnight reaction, the solvent was removed to afford  green solid. The 
solid was recrystallized from tetrahydrofuran/ether mixed solvents. Light 
green solid complex was obtained (Yield: 0.239 g, 45%). ESI-MS(m/z): 263 
([L1Ni]+), 843 ([(L1)3Ni3Cl(OH)]+). Anal. Calcd. For C36H52N6Ni3Cl2O4: C, 
49.14; H, 5.96; N, 9.55. Found: C,49.53; H, 5.71; N, 9.54. 
Synthesis of 8: HL2 (0.233 g, 1.2 mmol) was dissolved in 5 mL of anhydrous 
THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After stirring at 
room temperature for 1 hour, NiCl2(DME) (0.088 g, 0.4 mmol) was added. 
After overnight reaction, the solvent was removed to afford dark green solid. 
The solid was recrystallized from tetrahydrofuran/ether mixed solvents. Green 
solid complex was obtained (Yield: 0.09 g, 51%). ESI-MS(m/z): 465 
([(L2)2NiNa]+). Anal. Calcd. For C22H28N2NiO4: C, 59.62; H, 6.37; N, 6.32. 
Found: C,59.46; H, 6.04; N, 6.33. 
Synthesis of 9: HL2 (0.233 g, 1.2 mmol) was dissolved in 5 mL of anhydrous 
THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After stirring at 
room temperature for 1 hour, NiCl2(DME) (0.132 g, 0.6 mmol) was added. 
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After overnight reaction, the solvent was removed to afford green solid. The 
solid was recrystallized from tetrahydrofuran/ether mixed solvents. Green 
solid complex was obtained (Yield: 0.140 g, 67%). ESI-MS(m/z): 694 
([(L2)3Ni2]+), 822 ([(L2)3Ni3Cl2]+). Anal. Calcd. For C37H50N3Ni3Cl3O7: C, 
47.72; H, 5.41; N, 4.51. Found: C,48.35; H, 5.1; N, 4.53. 
Synthesis of 10: HL2 (0.233 g, 1.2 mmol) was dissolved in 5 mL of 
anhydrous THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After 
stirring at room temperature for 1 hour, NiCl2(DME) (0.264 g, 1.2 mmol) was 
added. After overnight reaction, the solvent was removed to afford light green 
solid. The solid was recrystallized from tetrahydrofuran/ether mixed solvents. 
Light green solid complex was obtained (Yield: 0.29 g, 67%). ESI-MS(m/z): 
537 ([(L2)2Ni2Cl]+), 667 ([(L2)2Ni3Cl3]+), 822 ([(L2)3Ni3Cl2]+), 952 
([(L2)3Ni4Cl4]+). Anal. Calcd. For C44H56Cl4N4Ni4O8: C, 46.13; H, 4.93; N, 
4.89. Found: C,46.18; H, 5.33; N, 4.94. 
Synthesis of 11: HL3 (0.293 g, 1.2 mmol) was dissolved in 5 mL of 
anhydrous THF. NaH (0.0288 g, 1.2 mmol)  was added into the reaction. After 
stirring at room temperature for 1 hour, NiCl2(DME) (0.088 g, 0.4 mmol) was 
added. After overnight reaction, the solvent was removed to afford brown 
solid. The solid was recrystallized from tetrahydrofuran/ether mixed solvents. 
Brown solid complex was obtained (Yield: 0.293 g, 68%). ESI-MS(m/z): 565 
([(L3)2NiNa]+). Anal. Calcd. For C28H24N2NiO2S2: C, 61.90; H, 4.45; N, 5.16; 
S, 11.80. Found: C,62.38; H, 4.58; N, 5.17; S, 11.69. 
Synthesis of 12: HL3 (0.293 g, 1.2 mmol) was dissolved in 5 mL of 
anhydrous THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After 
stirring at room temperature for 1 hour, NiCl2(DME) (0.132 g, 0.6 mmol) was 
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added. After overnight reaction, the solvent was removed to afford earth 
yellow solid. The solid was recrystallized from tetrahydrofuran/ether mixed 
solvents. Earth yellow solid complex was obtained (Yield: 0.25 g, 99%). ESI-
MS(m/z): 543 ([(L3)2NiH]+), 637 ([(L3)2Ni2Cl]+), 844 ([(L3)3Ni2]+). Anal. 
Calcd. For C42H36ClN3Ni2O3S3: C, 57.34; H, 4.12; N, 4.78; S, 10.93. Found: 
C,57.21; H, 3.97; N, 4.66; S, 10.31. 
Synthesis of 13: HL3 (0. 293 g, 1.2 mmol) was dissolved in 5 mL of 
anhydrous THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After 
stirring at room temperature for 1 hour, NiCl2(DME) (0.264 g, 1.2 mmol) was 
added. After overnight reaction, the reaction is filtered to get the green solid. 
The solid was recrystallized from tetrahydrofuran/ether mixed solvents. Green 
solid complex was obtained (Yield: 0.29 g, 86%).  ESI-MS(m/z): 543 
([(L3)2NiH]+), 637 ([(L3)2Ni2Cl]+), 844 ([(L3)3Ni2]+), 974 ([(L3)3Ni3Cl2]+). 
Anal. Calcd. For C30H27Cl4N3Ni3O2S2: C, 42.71; H, 3.23; N, 4.98; S, 7.6. 
Found: C, 42.31; H, 3.65; N, 5.46; S, 6.77. 
Synthesis of 14: HL4 (0.272 g, 1.2 mmol) was dissolved in 5 mL of 
anhydrous THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After 
stirring at room temperature for 1 hour, NiCl2(DME) (0.044 g, 0.2 mmol) was 
added. After overnight reaction, the solvent was removed to afford earth 
yellow solid. The solid was recrystallized from tetrahydrofuran/ether mixed 
solvents. Earth yellow solid complex was obtained (Yield: 0.10 g, 32%).  ESI-
MS(m/z): 533 ([(L4)2NiNa]+), 782 ([(L4)3NiNa2]+), 1031 ([(L4)4NiNa3]+), 1280 
([(L4)5NiNa4]+), 1530 ([(L4)6NiNa5]+). Anal. Calcd. For C84H72ClN6Na5NiO12: 
C, 64.4; H, 4.63; N, 5.36. Found: C,64.1; H, 4.52; N, 5.31. 
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Synthesis of 15: HL4 (0.272 g, 1.2 mmol) was dissolved in 5 mL of 
anhydrous THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After 
stirring at room temperature for 1 hour, NiCl2(DME) (0.132 g, 0.6 mmol) was 
added. After overnight reaction, the solvent was removed to afford earth 
yellow solid. The solid was recrystallized from tetrahydrofuran/ether mixed 
solvents. Yellow solid complex was obtained (Yield: 0.25 g, 82%). ESI-MS 
(m/z): 533 ([(L4)2NiNa]+). Anal. Calcd. For C28H24N2NiO4: C, 65.79; H, 4.73; 
N, 5.48. Found: C,65.85; H, 4.48; N, 5.4. 
Synthesis of 16: HL4 (0.272 g, 1.2 mmol) was dissolved in 5 mL of 
anhydrous THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After 
stirring at room temperature for 1 hour, NiCl2(DME) (0.264 g, 1.2 mmol) was 
added. After overnight reaction, the solvent was removed to afford earth 
yellow solid .The solid was recrystallized from tetrahydrofuran/ether mixed 
solvents. Earth yellow solid complex was obtained (Yield: 0.331 g, 86%).  
ESI-MS (m/z): 511 ([(L4)2NiH]+), 605 ([(L4)2Ni2Cl]+), 796 ([(L4)3Ni2]+). Anal. 
Calcd. For C42H36Cl3N3Ni3O6: C, 52.48; H, 3.78; N, 4.37. Found: C,52.2; H, 
4.19; N, 4.26. 
 
3.7.2 Synthesis of chromium complexes (17-20) 
Synthesis of 17: HL1 (0.248 g, 1.2 mmol) was dissolved in 5 mL of 
anhydrous THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After 
stirring at room temperature for 1 hour, CrCl3(THF)3 (0.45 g, 1.2 mmol) was 
added. After overnight reaction, green precipitate was collected by filtration. 
The solid was washed with ether. Green solid was obtained (Yield: 0.376 g, 
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95.9%). ESI-MS (m/z): 294 ([L1CrCl]+). Anal. Calcd. For C16H25Cl2CrN2O2: 
C, 48.01; H, 6.30; N, 7.00. Found: C, 48.46; H, 6.53; N, 6.83. 
Synthesis of 18: HL2 (0.232 g, 1.2 mmol) was dissolved in 5 mL of 
anhydrous THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After 
stirring at room temperature for 1hour, CrCl3(THF)3 (0.45 g, 1.2 mmol) was 
added. After overnight reaction, the solvent was removed to afford earth 
yellow solid.  The solid was washed with ether and earth yellow product was 
obtained (Yield: 0.173 g, 45.8%). ESI-MS (m/z): 279 ([L2CrCl]+). Anal. Calcd. 
For C15H22Cl2CrNO3: C, 46.52; H, 5.73; N, 3.62. Found: C, 45.65; H, 5.47; N, 
4.08. 
Synthesis of 19: HL3 (0.292 g, 1.2 mmol) was dissolved in 5 mL of 
anhydrous THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After 
stirring at room temperature for 1 hour, CrCl3(THF)3 (0.45 g, 1.2 mmol) was 
added. After overnight reaction, the solvent was removed to afford green solid. 
The solid was washed with ether. Dark green product was obtained (Yield: 
0.391 g, 57%). ESI-MS (m/z): 329 ([L3CrCl]+). Anal. Calcd. For 
C18H20Cl2CrNO2S: C, 43.45; H, 3.42; N, 6.33; S,7.25. Found: C, 43.40; H, 
3.58; N, 6.04; S, 6.85. 
Synthesis of 20: HL4 (0.273 g, 1.2 mmol) was dissolved in 5 mL of 
anhydrous THF. NaH (0.0288 g, 1.2 mmol) was added into the reaction. After 
stirring at room temperature for 1 hour, CrCl3(THF)3 (0.45 g, 1.2 mmol) was 
added. After overnight reaction, the solvent was removed to afford earth 
yellow solid. The solid was washed with ether. Earth yellow product was 
obtained (Yield: 0.158 g, 49%). ESI-MS (m/z): 313 ([L4CrCl]+). Anal. Calcd. 
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For C18H20Cl2CrNO3: C, 51.32; H, 4.79; N, 3.32. Found: C,52.2; H, 4.19; N, 
4.26. 
 
3.7.3 Ethylene oligomerization 
    All catalytic reactions were carried out in a magnetically stirred (200 rpm) 
100 mL stainless steel autoclave. A 100 mL Teflon container was used to 
protect the inner walls of the autoclave from corrosion. The catalyst (0.01 
mmol) was dissolve in 30mL of toluene in 100 mL stainless-steel autoclave in 
a glovebox. Internal standard (nonane, 0.1 mL) and 13 molar equivalent co-
catalyst (EtAlCl2) were introduced into the reactor. The reactor was purged 
with ethylene for 3 times. All catalytic tests were started between 25 and 
30 °C without temperature control (e.g. cooling) in the course of the reaction. 
After purging the reactor with ethylene, the reactor was pressurized to 10 bar. 
A temperature increase was observed, which resulted solely from the 
exothermicity of the reaction. The 10 bar working pressure was maintained 
during the experiments through a continuous feed of ethylene. The pressure 
was maintained at 10 bar for 30 minutes. Acidified MeOH was introduced to 
terminate the reaction. GC analysis of the product was performed immediately 
after the termination of the reaction. 
 
3.7.4 Kumada coupling reaction  
The reaction was carried out in glovebox filled with argon. All the glassware 
were dried at 100 °C for 2 hours before use. TMEDA was purified before use. 
Nickel catalyst (0.05 mmol, 10 mol% based on nickel) was introduced into a 
25-mL Schlenk tube equipped with a magnetic stir bar. THF (1 mL) and 1-
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bromododecane (0.5 mmol) was added. The solution was stirred at room 
temperature. ArylGrignard (0.6 mmol) and TMEDA (0.3 mmol) were added 
dropwise within 0.5 hour. The resulting mixture was stirred for another 0.5 
hour and the reaction mixture was transferred outside of the glovebox and 
quenched with HCl (aq., 2 M, 5 mL). The organic phase was extracted with 
Et2O (3 × 5 mL) and dried over MgSO4. Mesitylene (0.5 mmol, 0.069 mL) 
was added as an internal standard. The organic solvent was carefully removed 
on a rotary evaporator (the water bath was set at 30 °C). The conversions and 
yield of the cross coupling reactions were determined by 1H-NMR analysis. 
 
3.7.5  Crystallographic information 
Measurement conditions: referring to section 2.4.3  
Table 3.7.5.1 Crystallographic data and refinement parameters for complexes 
7, 8, 9, 12. 
 













964.79 443.17 931.28 879.79 
Temperature 
/ K 
100(2) 223(2) 100(2) 223(2) 
Wavelength / 
Å 
0.71073 0.71073 0.71073 0.71073 
Crystal 
system 
Monoclinic Monoclinic Monoclinic Triclinic 
Space group P2(1)/c P 2(1)/n P 2(1)/c P-1 
a / Å 11.031(8) 11.5049(11) 18.722(2) 12.3237(8) 
b / Å 17.991(14) 7.3081(7) 10.9768(13) 13.6103(9) 
c / Å 21.829(17) 13.8761(14) 20.175(2) 13.7343(9) 
/ ° 90 90 90 60.4860(10) 
/ ° 94.77(2) 111.595(2) 104.568(3) 79.9780(10) 
/ ° 90 90 90 79.0150(10) 
Volume / Å3 4317(6) 1084.80(18) 4012.7(8) 1959.3(2) 








1.587 0.924 1.643 1.233 
F(000) 2008 468 1936 908 
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Crystal size / 
mm3 
0.30 x 0.26 x 0.06 0.30 x 0.22 x 
0.20 
0.28 x 0.26 x 0.10 0.18 x 0.10 x 0.06 
Theta range 
for data 
collection / ° 
1.47 to 25.00 1.98 to 27.49 2.09 to 27.50 1.69 to 27.50 
Reflections 
collected 
25122 7397 28117 25496 
Independent 
reflections 
7582 [R(int) = 
0.0950] 
2491 [R(int) = 
0.0343] 
9204 [R(int) = 
0.0516] 





7582 / 125 / 540 2491 / 0 / 134 9204 / 0 / 481 8969 / 7 / 501 





R1 = 0.0680, wR2 
= 0.1469 
R1 = 0.0418, 
wR2 = 0.1079
R1 = 0.0461, wR2 
= 0.1029 
R1 = 0.0754, wR2 
= 0.1304 
R indices (all 
data) 
R1 = 0.1142, wR2 
= 0.1691 
R1 = 0.0514, 
wR2 = 0.1144
R1 = 0.0670, wR2 
= 0.1111 




hole / e.Å-3 
0.614 and -0.560 0.267 and -
0.419 
0.834 and -0.353 0.692 and -0.392 
 
Table 3.7.5.2 Crystallographic data and refinement parameters for complexes 
13, 17, 19, 20. 
 
Compound 13 17 19 20 
Empirical 
formula C65H65.50Cl8N6.50Ni6O5S4 C16H25Cl2CrN2O2 C18H20Cl2CrNO2S C18H20Cl2CrNO3 
Formula 
weight 1781.84 400.28 437.31 421.25 
Temperature 
/ K 100(2) 100(2) 223(2) 100(2)  
Wavelength / 
Å 0.71073 0.71073 0.71073 0.71073 
Crystal 
system Triclinic Monoclinic Monoclinic Monoclinic 
Space group P-1 P2(1)/n P2(1)/n P2(1)/c 
a / Å 12.2929(14) 12.6190(9) 12.628(2) 12.322(2) 
b / Å 13.6662(16) 10.6950(8) 10.3230(19) 13.046(2) 
c / Å 22.289(3) 14.1447(10) 14.771(3) 12.600(2) 
/ ° 96.290(2) 90 90 90 
/ ° 95.839(2) 107.990(2) 95.880(4) 115.753(4) 
/ ° 98.850(2) 90 90 90 
Volume / Å3 3650.7(7) 1815.6(2) 1915.5(6) 1824.3(6) 








1.975 0.934 0.997 0.937 
F(000) 1818 836 900  868 
Crystal size / 
mm3 





collection / ° 
1.68 to 27.49 1.89 to 27.50 2.41 to 27.50 2.38 to 27.50 
Reflections 
collected 48584 12388 13021 12581 
Independent 
reflections 
16709 [R(int) = 
0.0330] 
4170 [R(int) = 
0.0361] 
4393 [R(int) = 
0.0330] 





16709 / 83 / 904 4170 / 0 / 210 4393 / 94 / 273 4185 / 0 / 227 




R1 = 0.0347, wR2 = 
0.0878 
R1 = 0.0405, 
wR2 = 0.0961 
R1 = 0.0518, 
wR2 = 0.1246 
R1 = 0.0585, wR2 = 
0.1183 
R indices (all 
data) 
R1 = 0.0421, wR2 = 
0.0909 
R1 = 0.0471, 
wR2 = 0.0991 
R1 = 0.0644, 
wR2 = 0.1322 




hole / e.Å-3 
0.936 and -0.678 0.496 and -0.378 0.508 and -0.239 0.694 and -0.419 














CHAPTER 4 Synthesis and Characterization of 
Rhenium(I) Complexes Containing Hybrid 
Salicylaldimine or Pyridine Based Ligands and their 
Catalytic Activities in Olefin Epoxidation and their 
Photoluminescence Properties 
4.1 Introduction 
   High-valent rhenium oxo complexes methyltrioxorhenium (MTO) and its 
Lewis base adducts have been proven to be highly efficient olefin epoxidation 
catalyst in the presence of H2O2.238, 240-252 One of the disadvantages of MTO 
and other tri-oxo rhenium complexes is the moisture sensitivity. It is reported 
that Re(I) carbonyl precursors can be oxidized to Re(VII) oxo complexes via 
oxidative decarbonylation. For example, while CpRe(CO)3 reacted with H2O2 
or tert-butyl hydrogen peroxide (TBHP), CpReO3 complexes can be 
produced.261-263 Therefore it could be possible to use more stable low valent 
rhenium complexes in olefin epoxidation, e.g. Re(I) complexes. Among the 
Re(I) tricarbonyl complexes, only Re(I) NOBIN Schiff base complex 
(NOBIN=1-amino-1’-hydroxylbinaphthyl) has been used as catalyst for olefin 
epoxidation.260 With 20 mol% catalyst load and TBHP as oxidant, the 
asymmetric epoxidation of styrene and several 4-substituted derivatives 
showed 7 to 25% yield after 10 hours.  
    Our group has systematically used hybrid ligands to support different metal 
systems.86, 232, 353, 355, 359-364 In many cases, the hybrid ligands bear a hemilabile 
arm that is at ease with either being pendant or coordinative. In this chapter, 
the complexation of this type of ligands in with Re(I) metal center will be 
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investigated, and the resultant complexes will be used as pre-catalyst for olefin 
epoxidation in the presence of suitable oxidant. In this context, a series of new 
Re(I) complexes with pyridine-imine, pyridine-amine, pyridine-formamide 
and salicylaldimine ligands have been synthesized, and their catalytic 
activities in the epoxidation of cis-cyclooctene in the presence of TBHP have 
been studied. 
The transition metal complexes with p-acidic diimine [–N=C–C=N–] 
functional ligands show very good photophysical properties. They were used 
in many technological fields,365-367  especially electroluminescent materials in 
OLED-type devices.368-370 Therefore, in this work, the photoluminescence 
properties of Re(I) complexes with pyridine-imine ligands have been  studied.  
4.2 Synthesis and structures of Re complexes and their applications 
4.2.1 Synthesis of the ligands and Re complexes 
 
Scheme 4.2.1.1 Synthesis of L5 to L14 
  Five pyridine-imine based ligands (L5-L9) were prepared from the reaction 
between 2-pyridinecarboxaldehydeand corresponding amines (Scheme 4.2.1.1) 
according to the literature methods with slight modification.371-374 They 
formed in a simple condensation reaction cleanly and can be directly used in 
complexation reaction without any further purification. Pyridine-amine based 
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ligands (L10-L14) were prepared by reduction of L5-L9 using NaBH4and 
purified through column chromatography.39, 40 Synthesis of HL1-HL4 has been 
described in chapter 2.86 All the ligands or ligand precursors were 
characterized by 1H-NMR, ESI-MS spectroscopic analysis. The positive mode 
of ESI-MS show [M+H]+ peak for all the ligands. 
 
Scheme 4.2.1.2 Synthesis of complexes 21 to 25 
 
Scheme 4.2.1.3 Synthesis of complexes 26 to 30 
  Complexes 21-30 were formed by direct reaction between L5-L14 and 
Re(CO)5Br (Scheme 4.2.1.2 and Scheme 4.2.1.3). Two carbonyl ligands in the 
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Re precursor are replaced by two donors from the ligands (N donor from 
pyridine and N donor from imine). The donor atom on the pendant does not 
coordinate to the rhenium center for all cases. The positive mode of ESI-MS 
spectra show [M-Br]+ peak for all these complexes. The 1H-NMR spectra 
show a general downfield shift for most of the protons on the ligands upon 
complexation. For example, comparing L10 with 26 (Figure 4.2.1.1, Table 
4.2.1.1), most of the protons reveal a downfield shift in 26 comparing to L10. 
Only proton g shows a comparable chemical shift. The protons near the 
coordination donor show much significant shift comparing to those protons far 
from the donor atoms.  
 
Figure 4.2.1.1 Line structure of L10 and 26 
Table 4.2.1.1 1H-NMR results for L10 and 26 
 L10(ppm) 26(ppm) 
a-d 8.45, 7.56, 7.23, 7.08 8.85, 7.90, 7.46, 7.37 
e 3.70 4.76, 4.17 
f 2.54 3.44 
g 1.72 1.55 
h 2.41 2.86 
i 2.00 2.15 
 
    To study the possible influence of Br group in the catalytic reaction, 
complexes 24' and 29' were synthesized by abstracting Br- from complexes 24 
and 29 using AgBF4, respectively (Scheme 4.2.1.4). The Br- is abstracted by 
AgBF4 and MeCN occupies the vacant site. The ESI-MS results of these two 
complexes reveal two sets of peaks which can be assigned to ([LnRe(CO)3]+ 
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and ([L8Re(CO)3(MeCN)]+ in positive mode (24': 473 ([L8Re(CO)3]+), 514 
([L8Re(CO)3(MeCN)]+) 29': 475([L13Re(CO)3]+), 516([L13Re(CO)3(MeCN)]+). 
The 1H-NMR results of 24' and 29' are very similar with 24 and 29 except one 
more peak at around 2.17 which can be assigned to coordinated acetonitrile 
molecule. 
 
Scheme 4.2.1.4 Synthesis of complexes 24’ and 29’ 
    Complexes 31-34 were formed after HL1-HL4 were deprotonated by 
triethylamine and further reacted with Re(CO)5Br (Scheme 4.2.1.5). Complex 
31 is a mononuclear complex while 32, 33 and 34 are dinuclear as revealed by 















































Figure 4.2.1.2 ESI-MS results of 31 
    The ESI-MS results also give some evidence for the structures of complexes 
31-34. For example, the positive mode of ESI-MS of 31 (Figure 4.2.1.2) 
shows a peak at m/z 477 which can be assigned to [[L1Re(CO)3]+H]+ 
([M+H]+). For 33 in positive mode (Figure 4.2.1.3), the peaks for both 
[[L3Re(CO)3]+H]+ (m/z 514) and [[L3Re(CO)3]2+H]+ ([M+H]+) (m/z 1024) 
can be found. In the negative mode of ESI-MS of 33, the peaks at m/z 1104 
correspond to the fragment of [[L3Re(CO)3]2+Br]-. The peaks at m/z 592 and 
m/z 544 can be assigned to the fragments [L3Re(CO)3+Br]- and 
[L3Re(CO)3+CH3O]-, respectively. The isotopic patterns of the peaks match 





Figure 4.2.1.3 ESI-MS results of 33 
 
4.2.2 Molecular structures of the Re(I) complexes 
The single crystals of Re complexes are obtained by laying method using 
dichloromethane/hexane solvent pair. X-ray diffraction analysis of 21-25 
shows that the Re(I) center has a distorted octahedral coordination geometry 
O12Re-110C #37-41 RT: 1.28-1.43 AV: 5 NL: 1.67E6
T: - c ESI Full ms [100.00-2000.00]









































522.7 1215.8 1287.6776.2 981.5 1613.2919.0350.8 1373.5 1470.3 1663.4 1812.4 1956.2
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with a facial arrangement of the three carbonyl groups. The crystal structures 
of 21-25 are shown in Figure 4.2.2.1 to Figure 4.2.2.5.  
 
Figure 4.2.2.1 X-ray structure of 21 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C11 1.910(5), 
Re1-C12 1.914(6), Re1-C13 1.927(5), Re1-N1 2.170(4), Re1-N2 2.172(4), 
Re1-Br1 2.6302(5), N1-Re1-N2 74.47(15), N1-Re1-Br1 85.13(9), N2-Re1-
Br1 84.23(10). 
 
Figure 4.2.2.2 X-ray structure of 22 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C16 1.908(4), 
Re1-C15 1.918(5), Re1-C17 1.922(4), Re1-N2 2.163(3), Re1-N1 2.181(3), 





Figure 4.2.2.3 X-ray structure of 23 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C3 1.919(7), 
Re1-C1 1.928(7), Re1-C2 1.929(6), Re1-N2 2.153(5), Re1-N1 2.169(5), Re1-
Br1 2.6267(7), N2-Re1-N1 75.2(2), N2-Re1-Br1 83.72(14), N1-Re1-Br1 
83.55(14). 
 
Figure 4.2.2.4 X-ray structure of 24 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C14 1.908(9), 
Re1-C12 1.915(8), Re1-C13 1.931(9), Re1-N2 2.163(6), Re1-N1 2.183(6), 





Figure 4.2.2.5 X-ray structure of 25 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C13 1.903(5), 
Re1-C14 1.913(6), Re1-C12 1.923(6), Re1-N2 2.163(4), Re1-N1 2.181(4), 
Re1-Br1 2.6145(6), N2-Re1-N1 74.51(16), N2-Re1-Br1 85.22(11), N1-Re1-
Br1 83.32(11). 
 
The pyridine-imine ligands work as bidentate chelating ligands. The ligand 
forms a five-member ring with the rhenium center. The N1-Re1-N2 has an 
angle between 74.3(2)º to 75.2(2)º, which shows a large distortion from 
expected ideal 90º angle for an octahedron. The distortion is caused by the 
chelate-compression of the five member ring. The angle is very close to the 
reported value in complex Re-4-1 (74.59(18)º).375 The Re1-N1 (N from 
pyridine) and Re1-N2 (N from imine) bond distances are 2.169(5)-2.183(6) Å 
and 2.153(5)-2.172(4) Å respectively, which are close to reported value 
(2.172(5) Å and 2.186(5) Å, respectively.).375 
 




Figure 4.2.2.7 shows the molecule structure of 24'. It is prepared using AgBF4 
to abstract the Br- from 24. The structure of 24' is similar to that of 24. The 
only differences of 24' from 24 is one acetonitrile molecule replaces the Br-
group and the charge is balanced by the outside anion BF4. This replacement 
does not change coordination geometry of the metal center much (e.g. ligand 
chelate angle: N1-Re1-N2 74.3(2)º and 74.46(6)º for 24 and 24' respectively). 
 
Figure 4.2.2.7 X-ray structure of 24' drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C12 1.919(2), 
Re1-C14 1.923(2), Re1-C13 1.930(2), Re1-N3 2.1292(18),Re1-N2 2.1714(17), 
Re1-N1 2.1792(17), N3-Re1-N2 84.29(7), N3-Re1-N1 83.59(6),N2-Re1-N1 
74.46(6). 
 
    Compounds 26-30 have similar structures to 21-25. The donor atom in 
pendant does not coordinate to the rhenium metal. The ligands act as bidentate 
ligands. The Re1-N2 (N from amine) (2.226(6) Å) is obviously longer than the 
Re1-N2 (N from imine) bond (2.163(4) Å). The crystal structures of 26, 28, 29 




Figure 4.2.2.8 X-ray structure of 26 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C13 1.892(6), 
Re1-C11 1.914(5), Re1-C12 1.921(5), Re1-N1 2.177(4), Re1-N2 2.216(4), 
Re1-Br1 2.6229(7), N1-Re1-N2 74.81(15), N1-Re1-Br1 85.21(12), N2-Re1-
Br1 83.05(12). 
 
Figure 4.2.2.9 X-ray structure of 28 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C12 1.909(7), 
Re1-C10 1.909(7), Re1-C11 1.933(7), Re1-N1 2.193(6), Re1-N2 2.238(5), 
Re1-Br1 2.6242(7), N1-Re1-N2 75.73(19), N1-Re1-Br1 84.83(13), N2-Re1-
Br1 84.86(13). 
 
Figure 4.2.2.10 X-ray structure of 29 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C13 1.911(5), 
Re1-C14 1.923(5), Re1-C12 1.934(5), Re1-N1 2.180(4), Re1-N2 2.225(4), 
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Figure 4.2.2.11 X-ray structure of 31 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg):Re1-C15 1.902(3), 
Re1-C13 1.903(3), Re1-C14 1.923(3), Re1-O1 2.1186(18), Re1-N1 2.145(2), 
Re1-N2 2.282(2), C15-Re1-C13 87.53(12), C15-Re1-C14 83.45(11), C13-
Re1-C14 89.87(12), C15-Re1-O1 176.08(9), C13-Re1-O1 90.36(10), C14-
Re1-O1 99.86(10), C15-Re1-N1 93.86(10), C13-Re1-N1 92.45(10), C14-Re1-
N1 176.37(10), O1-Re1-N1 82.93(8), C15-Re1-N2 95.20(10), C13-Re1-N2 
173.72(10), C14-Re1-N2 96.05(10), O1-Re1-N2 86.58(8), N1-Re1-N2 
81.74(8). 
 
Figure 4.2.2.12 X-ray structure of 32 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C14 1.898(3), 
Re1-C12 1.901(3), Re1-C13 1.917(3), Re1-O1 2.144(2), Re1-O1A 2.176(2), 
Re1-N1 2.176(3), C14-Re1-C12 88.39(13), C14-Re1-C13 86.10(13), C12-
Re1-C13 88.76(13), C14-Re1-O1 172.39(11), C12-Re1-O1 98.63(11), C13-
Re1-O1 96.92(10), C14-Re1-O1A 99.36(11), C12-Re1-O1A 171.75(10), C13-
Re1-O1A 94.54(11), O1-Re1-O1A 73.49(9), C14-Re1-N1 95.12(12), C12-




    X-ray crystallographic analysis of 31 reveals a distorted octahedral 
geometry for the rhenium center (Figure 4.2.2.11). The salicylaldimine ligand 
L1 worked as tridentate ligand to coordinate to the metal center. The rest three 
coordination sites were occupied by three carbonyl groups. Complexes 32, 33 
and 34 are bi-nuclear complexes with a diamond Re2O2 core (Figure 4.2.2.12 
to Figure 4.2.2.14). It indicates the donating ability of NMe2 group in L1 is 
much stronger than the pendant donor in L2 to L4 (SMe and OMe). Therefore, 
L1 acts as a tridentate ligand. Ligands L2 to L4 work as bidentate ligands and 
phenoxide acts as bridging ligand to connect two Re metal atoms. The bond 
distances of R-N1 (imine N) (2.174(3)-2.179(3) Å)  from 32 - 34 are similar 
with the reported bi-nuclear Re complex, Re-4-2376 (Figure 4.2.2.15, Re-N 
2.176(6) Å), which are much longer than Re-N1(imine N) (2.145(2) Å) in31. 
The bond distances of Re1-O1 (2.144(2)-2.151(3) Å) in 32-34 are shorter than 
bi-nuclear Re complex, Re-4-2376 (Re-O 2.172(6) Å), but longer than Re1-O1 
(2.1186(18) Å) in 31. The O-Re-N chelate angles of 32-34 (80.58(10)º- 
80.90(12)º) are smaller than 31 (82.93(8)º). From the shorter Re-N and Re-O 
bond distances and larger N-Re-O bond angle in 31 comparing to 32-34,  it 
can be concluded that 31 has stronger interaction between metal center and 




Figure 4.2.2.13 X-ray structure of 33 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C15 1.884(4), 
Re1-C17 1.888(4), Re1-C16 1.918(4), Re1-O1 2.151(3), Re1-N1 2.174(3), 
Re1-O1A 2.179(3), C15-Re1-C17 87.08(18). C15-Re1-C16 88.56(17), C17-
Re1-C16 87.87(17), C15-Re1-O1 97.55(15), C17-Re1-O1 173.37(14), C16-
Re1-O1 96.95(14), C15-Re1-N1 92.26(15), C17-Re1-N1 94.23(15), C16-Re1-
N1 177.79(14), O1-Re1-N1 80.90(12), C15-Re1-O1A 170.62(14), C17-Re1-
O1A 101.90(14), C16-Re1-O1A 94.43(14), O1-Re1-O1A 73.28(11), N1-Re1-
O1A 84.45(11). 
 
Figure 4.2.2.14 X-ray structure of 34 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg):Re1-C15 1.886(4), 
Re1-C17 1.899(4), Re1-C16 1.926(4), Re1-O1 2.149(2), Re1-N1 2.179(3), 
Re1-O1A 2.180(2), C15-Re1-C17 85.43(15), C15-Re1-C16 89.80(14), C17-
Re1-C16 87.72(15), C15-Re1-O1 99.41(12), C17-Re1-O1 173.31(12), C16-
Re1-O1 96.87(12), C15-Re1-N1 91.40(12), C17-Re1-N1 94.75(13), C16-Re1-
N1 177.32(11), O1-Re1-N1 80.58(10), C15-Re1-O1A 171.61(11), C17-Re1-





Figure 4.2.2.15 Reported Re bi-nuclear complex with Re2O2 core376 
 
 
4.2.3 Catalytic activities of the Re complexes in olefin epoxidation 
All the complexes have been evaluated as catalysts for the epoxidation of cis-
cyclooctene with TBHP at 50 °C. The detailed catalytic reaction conditions are 
given in the experimental part.274, 275The catalytic activity of all Re(I) 
complexes is shown in Figure 4.2.3.1 to Figure 4.2.3.3. They have lower 
catalytic activity comparing with the reported Re(VII) complexes,250, 377 but 
they have very long lifetime (more than 24hours) except complexes 23, 33 and 
34. Some of the complexes even show activity after 120-hour reaction. To 
enhance the initial catalytic activity, catalyst loading is increased to from 1 
mol% to 5 mol%. The results are shown in Table 4.2.3.1. In general, 
increasing catalyst loading greatly increases the 24-hour yield of epoxide. 
Complexes 21-25 showed slightly better activity than 26-30. Within the same 
series of ligands, 23 and 24 show slightly better activities than 21 and 22, and 
much better activity than 25. For complexes with salicylaldimine ligands, 
complexes 31 and 32 with flexible donor pendant show longer catalytic 
lifetime than complexes 33 and 34 with rigid donor pendant, while complexes 




Figure 4.2.3.1 Time-dependent yields of cis-cyclooctene epoxide using TBHP 
21-25 as catalyst at 50ºC (catalyst/substrate/oxidant=1/100/200). 
 
 
Figure 4.2.3.2 Time-dependent yields of cis-cyclooctene epoxide using TBHP 
26-30 as catalyst at 50ºC (catalyst/substrate/oxidant=1/100/200). 
 
 
Figure 4.2.3.3 Time-dependent yields of cis-cyclooctene epoxide using TBHP 











































































Table 4.2.3.1 Catalytic behaviour of all the complexes with 1 mol% and 5 mol% 












21 12.2 27.6 42.1 
22 4.7 25.2 37.9 
23 17.0 31.6 47.9 
24 17.2 29.3 47.8 
25 10.1 12.3 29.8 
26 12.2 17.4 42.7 
27 14.4 16.2 32.7 
28 7.2 23.4 24.2 
29 6.1 30.0 49.3 
30 12.9 12.2 27.0 
31 6.3 3.1 17.4 
32 4.1 5.5 22.4 
33(2 hours) 13.8 24.7 47.1 
34 18 40.3 60.5 
 There is a difference between the conversion of cis-cyclooctene and the yield 
of cis-cyclooctene oxide, indicating some side reactions present under the 
condition applied. GC-MS was used to identify the possible side products 
quantitatively. Surprisingly no cyclooctane-1,2-diol has been observed which 
is the hydrolysis product of cis-cyclooctene oxide.Cyclooct-2-enone is found 
as the side product. It is reported that the peroxyl radicals may abstract the 
allylic H-atoms, and further lead to allylic side-products, cyclooct-2-enone and 
cyclooct-2-enol (Scheme 4.2.3.1).378 
 
Scheme 4.2.3.1 Reactivity of cis-cyclooctene with peroxyl radicals. Above: 
Allylic H-abstraction, leading to allylic side-products. Below: Addition to the 







Figure 4.2.3.4 GC-MS spectrum of the epoxidation side product using 
complex 33 as catalyst (A: 5 mins and B: 11 hours) 
 
    For complexes 33 and 34, the yield of cis-cyclooctene oxide increases at 
first but drops after several hours of reaction. From Figure 4.2.3.4 spectrum A 
we can see that cis-cyclooctene oxide (retention time: 7.272 mins) is formed 
after only 5-min reaction. Small amount of mesitylene is oxidized to form 3,5-
dimethylbenzaldehyde and 2,4,6-trimethylphenol. After 11-hours reaction, the 
peak of cis-cyclooctene oxide disappears and one main peak at 12.176 mins 
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appears (spectrum B in Figure 4.2.3.4). The MS spectrum of signal at 12.176 
mins is shown in Figure 4.2.3.6. The structure of the side product can be 
predicted as (3,5-dimethylphenyl)(2-hydroxycyclooctyl)methanone (structure 
are shown in Figure 4.2.3.6). The formation of this side product is due to the 
oxidation of mesitylene to form 3,5-dimethylbenzaldehyde, and it further 
reacted with cis-cyclooctene oxide.  
 
Figure 4.2.3.5 MS spectrum of the epoxidation side product using complex 33 
as catalyst. 
 
Figure 4.2.3.6 Predicted structure of the side product. 
24' and 29' are also evaluated in epoxidation of cis-cyclooctene. It is found 
that 24' and 29' give much higher conversion and yield of epoxide after4-hour 
reaction (Table 4.2.3.2), even higher selectivity than 24 and 29. After 4 hours, 
no more epoxide is formed. It may be due to the stability of the complexes. 24' 
and 29' are formed by extracting the Br- from the complexes, the coordination 
site is weakly occupied by acetonitrile. The Re-N bonds in 24' and 29' are not 
as strong as Re-Br bonds in 24 and 29. Therefore, 24' and 29' have shorter 
catalytic lifetime comparing to 24 and 29. Similar phenomenon in 
molybdenum system is also been reported275 (Figure 4.2.3.7, Mo-4-1a and 
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Mo-4-1b). It is found that by abstracting the Br- from Mo-4-1a by AgBF4 in 
acetonitrile, Mo-4-1b is formed. Mo-4-1a achieves around 10% yield of cis-
cyclooctene epoxide after 4 hours reaction using TBHP as oxidant at 55 °C 
(catalyst/substrate/oxidant=1/100/200). Under same reaction condition, Mo-4-
1b shows around 85 % yield which is much higher than Mo-4-1a.  
Table 4.2.3.2 Comparison of  24'and 29' with 24 and 29 in catalytic 
performance. 
 
complex 4 hours 
 Conversion (%) Yield (%)
24 21.1 8.0 
24' 32.6 19.5 
29 26.2 9.4 


















Figure 4.2.3.7 Reported Mo complexes in epoxidation of cis-cyclooctene275 
4.2.4 Investigation of Re intermediates in olefin epoxidation 
In order to get some insights of the structures of oxidation products of Re(I) 
complexes under the oxidative condition (in the presence of TBHP). ESI-MS 
analysis of the reaction mixture was carried out. Re complexes (3.6 µmol) is 
reacted with TBHP (0.144 mmol, 40 equiv.) at 50 ºC for 10 minutes. The 
negative mode spectrum reveals several bi-rhenium species. For the reaction 
mixture of 21-25 and 26-30 with TBHP, the composition of oxidation products 
can be proposed as LRe2O7. Figure4.2.4.1 shows ESI-MS in negative mode of 
the reaction mixture of complex 26 with TBHP. Signal at m/z 251 corresponds 
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to the ReO4- fragment, m/z 796 is assigned to the fragment of 
(L10Re2O7Br(H2O)-) and m/z 812 is the fragment of (L'Re2O7Br(H2O)-) (L' is 
the L10 with the oxidized pendant donor SMe to S(O)Me). The oxidation of 
SMe to S(O)Me can be proven by the obtained crystal structure of the 
intermediate 26b (Figure 4.2.4.4, L'Re(CO)3Br). 26b is isolated from 5-min 
reaction mixture  of 26 and TBHP. The Re(I) metal center has not been 
oxidized to Re(VII) after 5-min reaction. The only difference between 26b and 
26 is the pendant donor of 26b that oxidized from SMe to S(=O)Me. The same 
reaction was carried out using 28. After exposed to air for longer time, it 
decomposed to 28a (L12(HReO4)2). The crystal structure is shown in Figure 
4.2.4.5. The ligand and HReO4 are connected by hydrogen bonding. The 
distances between O8 and N1, O3 and N2, O4 and N2 from neighboring 
ligand are 2.752 Å, 2.793 Å and 2.769 Å respectively. All of these distances 
are within hydrogen bonding range.  
 
Figure 4.2.4.1 ESI-MS results for the reaction mixture of complex 26 and 
TBHP 
R1Re+TBHP #64-72 RT: 1.70-1.92 AV: 9 NL: 3.09E6
T: - c ESI Full ms [100.00-2000.00]































Figure 4.2.4.2 Isotopic pattern for fragment m/z 796.6 in the reaction mixture 
of complex 26 and TBHP (L10H2Re2O8). 
. 
 
Figure 4.2.4.3 Isotopic pattern for fragment m/z 812.6 in the reaction mixture 




Figure 4.2.4.4 Structure of oxidized product 26b (L'Re(CO)3Br). 
 
Figure 4.2.4.5 Decomposed structure of 28a (L12(HReO4)2). 
 
 
4.2.5 Photoluminescence study for Re complexes  
Table 4.2.5.1 Photoluminescence study for Re complexes in solid state. 
Complexes λmax(nm) Complexes λmax(nm) 
21 592 27 599 
22 594 28 599 
23 606 29 592 
24 611 31 555 
25 588 32 571 
33 592 
 
    The photoluminescence properties for the Re complexes prepared in this 
work have been studied. In solid-state all complexes exhibit an absorption 
around 380 - 400 nm, which results from a typical MLCT (metal to ligand 
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charge transfer) [d(Re)→π*(ligand)] transitions.308, 379-383 Complexes 21-25, 
27-29 and 33 have a very strong emission in the range of 589 to 611 nm 
(orange color), indicating that the MLCT excited states of 21-25, 27-29 and 33 
have the same energy levels. For complexes 21-25, it is found that the 
different donor pendants present in the ligands have marginal influences (23 
(with ether donor) and 24 (with thiophene donor) show slightly red shift 
comparing to 21 (with thioether donor), 22 (with PhOMe donor) and 25 (with 
amine donor)). The emission maxima of 21-25, 27-29 and 33 are similar with 
related reported Re(I) tricarbonyl complexes whose emission wavelengths are 
between 580 and 630 nm, e.g. ReCl(CO)3(bpy) at 633 nm,384 
ReBr(CO)3PPhen (PPhen = 3,8-diphenyl-1,10-phenanthroline) at 582 nm.385 
However, complex 31 gives yellow-green color (555 nm) emission and 32 
shows  green color (571 nm) emission. 
 






















Figure 4.2.5.2 Solid state emission and excitation curves of 27 - 29. 
 
Figure 4.2.5.3 Solid state emission and excitation curves of 31 - 33 
Table 4.2.5.2. Photoluminescence study for Re complexes in DCM solution 
Complexes λex(nm) λem(nm) 
21 239, 399 351, 662 
22 247, 399 356, 669 
23 241, 392 354, 666 
24 245, 522 363, 537 
25 244 339 
26 293, 334 374, 536 
27 251 366 
28 244 371, 398 
29 290 359, 537 
30 326 378 
31 340, 395, 372 450, 555 
32 328 357, 401 
33 209 402 
34 333 382 
 
The absorption and emission data of complexes 21–34 in DCM solution are 
































characterized by an intense band at 239–247 nm and a low-energy band at 390 
–400 nm (21–23), which are typical of ligand centered π→π* (pyridine-imine) 
and MLCT [d(Re)→π*(pyridine-imine)] transitions,308, 379-383 respectively. 
The emission wavelength of 21–23 is very similar. When excited at 399 nm, 
they emit orange-red luminescence (662 - 669 nm). For 24, it exhibits yellow-
green color (537 nm) when excited at 522 nm. For complex 25-34, most of 
them exhibit UV light. The emission in DCM solution of 21–23 is a little bit 
red shift comparing to the solid state. This phenomenon is typical of 
phosphorescence from the [d(Re) →π*(pyridine-imine)] 3MLCT excited state, 
which has been reported in many rhenium(I) diimine tricarbonyl complexes in 
the literature.308, 381-383 
The photoluminescence quantum yields of 22, 23 and 24 in anhydrous DCM 
were also measured. The quantum yields of 22, 23, 24 are 0.041, 0.042 and 
0.069 respectively, that is comparable with other similar systems, e.g. 
[Re(CO)3(phen)Cl] (phen = phenanthroline) (λ = 590 nm, Ф = 0.036)283  (Re-
4-3a  Ф = 0.06, Re-4-3b  Ф = 0.01, Re-4-3c  Ф = 0.04, Re-4-3d  Ф = 0.06, 
Re-4-3e  Ф = 0.07) (Figure 4.2.5.4).25 
 
Figure 4.2.5.4 Reported Re complexes Re-4-3a to Re-4-3e25 
The pyridine-imine Re complexes 21-25 in DCM solution give significant 
emission at ca.356 nm (UV) and 662 nm (red). When pyridine-amine ligands 
are used (for complexes 26-30), the emission at 662 nm disappears. For the 
salicylaldimine based Re complexes, the di-nuclear complexes 32-34 only 
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have the UV emission ca. 400nm, while mono-nuclear compound 31 has two 
visible emissions, one is purple (452 nm) and the other one is yellow (555 nm). 
The intensity of two emissions changes when using different excitation 
wavelength. When excited at 372 nm, the intensity of 452 nm emission is 
higher than that of the emission at 555 nm; when excited at 407 nm, the 
intensity of 555 nm emission becomes significantly higher than that of 452 nm 
emission. It shows the control of the emission light by changing the excitation 
wavelength. Comparing to the solid state photoluminescence results, 31  
shows dual emission phenomena in solution. The dual emission of 
mononuclear rhenium(I) complexes was also found by Morimoto386 and co-
workers. Re-4-4a to Re-4-4c (Figure 4.2.5.6) reveal dual emission 
phenomenon in acetonitrile solution. The dual emission phenomena is 
explained in terms of the coexistence of some stable conformers of each 
complex in solution. This explanation is supported by a very big difference 
between the lifetime of two emissions. Dual emission phenomena is also 
found in bi-nuclear rhenium complex Re-4-5.305 The emission at 470.3 nm is 
tentatively assigned to the 3π–π* transition of 4,4'-tmdp ligand, whereas the 
emission at 520.1 nm can be attributed to a d(Re)→π*(4,4'-tmdp) 3MLCT 
transition. Because of the restriction of time and machine, the lifetime test is 
not done. Therefore, it is not clear that what is the reason for this dual 





Figure 4.2.5.5 Dual emission property of 31 
 
Figure 4.2.5.6 Reported mono-nuclear386  and bi-nuclear305  rhenium(I) 
complexes with dual emission property 
 
 
4.3 Conclusions  
    A series Re(I) complexes with pyridine-imine, pyridine-amine, pyridine-
formamide and salicylaldimine based ligands were synthesized. The catalytic 
behaviors of all the complexes in epoxidation of cis-cyclooctene were studied. 
In general, they showed low catalytic activities. ESI-MS was used to study the 
possible oxidation products formed in the course of the catalytic reaction. 
For most of synthesized Re(I) tricarbonyl complexes, an emission at around 
600 nm was observed in solid state. The emission in DCM solution of 21–23 
is a little bit red shift which is typical of phosphorescence from the [d(Re)→
*(pyridine-imine)] 3MLCT excited state.308, 381-383 The quantum yield of 22-24 

























4.4 Experimental section 
General consideration:  All the starting materials were used as purchased 
from Sigma–Aldrich and Alfa Aesar. All NMR spectra were measured on 
ACF300 MHz FT NMR spectrometer. Elemental analyses were performed on 
a Perkin-Elmer PE 2400 elemental analyzer. Mass spectra were obtained using 
Finnigan LCQ quadrapole ion trap mass spectrometer. Photoluminescence 
study was performed on a Perkin Elmer LS55 fluorescence spectrometer. 
Re(CO)5Br is synthesized according to literature method.387  Synthesis of L6, 
L7, L8, L9, L12, L13 has been reported. Synthesis of HL1-HL4 has been 
described in chapter 2.  
 
4.4.1 Synthesis of Pyridine-imine ligands (L5-L9) 
Synthesis of L5: Pyridine-2-carbaldehyde (0.38 mL, 4 mmol) and 3-
(methylthio)propylamine (0.448 mL, 4 mmol) were transferred into flask with 
25 mL of methanol. The resulting solution was stirred overnight at room 
temperature for 16 hours. The solvent was removed under reduced pressure 
and afford brown oil product (Yield: 0.8 g, 99%). 1H-NMR (300 MHz, CDCl3): 
δ(ppm) = 8.61(d, 1H, py-H), 8.37(s, 1H, CH), 7.95(d, 1H, py-H), 7.73(t, 1H, 
py-H), 7.30(t, 1H, py-H), 3.76(t, 2H, CH2CH2CH2SCH3), 2.59(t, 2H, 
CH2CH2CH2SCH3), 2.07(s, 3H, CH3), 1.99(q, 2H, CH2CH2CH2SCH3). ESI-
MS(m/z): 195 ([MH]+). 
Synthesis of L6: Pyridine-2-carbaldehyde (0.38 mL, 4 mmol) and 2-
methoxybenzylamine (0.345 mL, 4 mmol) were transferred into flask with  25 
mL of methanol. The resulting solution was stirred overnight at room 
temperature for 16 hours. The solvent was removed under reduced pressure 
119 
 
and afford brown oil product (Yield: 0.768 g, 99%). 1H-NMR (300 MHz, 
CDCl3): δ(ppm) =  8.64(d, 1H, py-H), 8.45(s, 1H, CH), 8.08(d, 1H, py-H), 
7.72(t, 1H, py-H), 7.32 – 7.29(m, 1H, py-H), 7.29 – 7.25(m, 1H, Ph-H), 7.24(t, 
1H, Ph-H), 6.95(t, 1H, Ph-H), 6.99(d, 1H, Ph-H), 4.90(s, 2H, CH2), 3.84(s, 3H, 
CH3). ESI-MS(m/z): 227 ([MH]+). 
Synthesis of L7: Pyridine-2-carbaldehyde (0.38 mL, 4 mmol) and 2-
methoxyethylamine (0.522 mL, 4 mmol) were transferred into flask with  25 
mL of methanol. The resulting solution was stirred overnight at room 
temperature for 16 hours. The solvent was removed under reduced pressure 
and afford brown oil product (Yield: 1.28 g, 99%). 1H-NMR (300 MHz, 
CDCl3): δ(ppm) = 8.63(d, 1H, py-H), 8.41(s, 1H, CH), 7.99(d, 1H, py-H), 
7.73(t, 1H, py-H), 7.30(t, 1H, py-H), 3.85(t, 2H, CH2CH2OCH3), 3.72(t, 2H, 
CH2CH2OCH3), 3.38(s, 3H, CH3). ESI-MS(m/z): 165 ([MH]+). 
Synthesis of L8: Pyridine-2-carbaldehyde (0.57 mL, 6 mmol) and thiophen-2-
ylmethanamine (0.616 mL, 6 mmol) were transferred into flask with  25 mL of 
methanol. The resulting solution was stirred overnight at room temperature for 
16 hours. The solvent was removed under reduced pressure and afford brown 
oil product (Yield: 0.5 g, 42%). 1H-NMR (300 MHz, CDCl3): δ(ppm) =  
8.66(d, 1H, py-H), 8.47(s, 1H, CH), 7.97(d, 1H, py-H), 7.88(t, 1H, py-H), 
7.46(m, 1H, py-H), 7.45(m, 1H, Thiophene-H), 7.05(m, 2H, Thiophene-H), 
5.03(s, 2H, NCH2). ESI-MS(m/z): 203 ([MH]+). 
Synthesis of L9: Pyridine-2-carbaldehyde (0.57 mL, 6 mmol) and N1,N1-
dimethylpropane-1,3-diamine (0.755 mL, 6 mmol) were transferred into flask 
with  25 mL of methanol. The resulting solution was stirred overnight at room 
temperature for 16 hours. The solvent was removed under reduced pressure 
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and afford brown oil product (Yield: 0.766 g, 67%). 1H-NMR (300 MHz, 
CDCl3): δ(ppm) =  8.62(d, 1H, py-H), 8.33(s, 1H, CH), 7.94(d, 1H, py-H), 
7.85(t, 1H, py-H), 7.44(t, 1H, py-H), 3.63(t, 2H, =NCH2), 2.24(t, 2H, 
Me2NCH2), 2.11(s, 6H, N(CH3)2),1.75(m, 2H, CH2CH2CH2). ESI-MS(m/z): 
192([MH]+). 
 
4.4.2 Synthesis of Pyridine-amine ligands (L10-L14) 
Synthesis of L10: Pyridine-2-carbaldehyde (0.57 mL, 6 mmol) and 3-
(methylthio)propylamine (0.672 mL, 6 mmol) were transferred into flask with  
25 mL of methanol. The resulting solution was stirred at room temperature for 
16 hours. NaBH4 (0.7 g, 18 mmol) was added into the resulting mixture and 
the mixture was stirred at 50 °C for 4 hours. Solvent was removed under 
reduced pressure. The residue was dissolved in 40 mL of CH2Cl2 and was 
extracted three times with 20 mL of water. The CH2Cl2 layer was dried over 
anhydrous MgSO4. MgSO4 was filtered off and the organic layer was 
evaporated to dryness. Ligand obtained was purified via column 
chromatography (MeOH/CH2Cl2: 1/10) to afford yellow oil product (Yield: 
1.35g, 99%). 1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.45(d, 1H, py-H), 7.56(t, 
1H, py-H), 7.23(d, 1H, py-H), 7.08(t, 1H, py-H), 3.70(s, 2H, 
CH2NHCH2CH2CH2SCH3), 2.54(t, 2H, CH2NHCH2CH2CH2SCH3), 2.41(t, 2H, 
CH2NHCH2CH2CH2SCH3), 2.20(s, 1H, NH), 2.00(s, 3H, CH3), 1.96(s, 1H, 
NH), 1.72(m, 2H, CH2NHCH2CH2CH2SCH3). ESI-MS(m/z): 197 ([MH]+). 
Synthesis of L11: Pyridine-2-carbaldehyde (0.57 mL, 6 mmol) and 2-
methoxybenzylamine (0.518 mL, 6 mmol) were transferred into flask with  25 
mL of methanol. The resulting solution was stirred at room temperature for 16 
121 
 
hours. NaBH4 (0.7 g, 18 mmol) was added into the resulting mixture and the 
mixture was stirred at 50 °C for 4 hours. Solvent was removed under reduced 
pressure. The residue was dissolved in 40 mL of CH2Cl2 and was extracted 
three times with 20 mL of water. The CH2Cl2 layer was dried over anhydrous 
MgSO4. MgSO4 was filtered off and the organic layer was evaporated to 
dryness. Ligand obtained was purified via column chromatography 
(MeOH/CH2Cl2: 1/10) to afford yellow oil product (Yield: 1 g, 99%). 1H-
NMR (300 MHz, CDCl3): δ(ppm) = 8.49(d, 1H, py-H), 7.74(t, 1H, py-H), 
7.47(d, 1H, py-H), 7.36(d, 1H, py-H), 7.37 – 7.34(m, 2H, Ph-H), 6.94(m, 2H, 
Ph-H), 3.81(s, 2H, Ph-CH2), 3.76(s, 3H, OCH3), 3.71(s, 2H, PhCH2), 2.85(s, 
1H, NH). ESI-MS(m/z): 229 ([MH]+). 
Synthesis of L12: Pyridine-2-carbaldehyde (0.57 mL, 6 mmol) and 2-
methoxyethylamine (0.783 mL, 6 mmol) were transferred into flask with  25 
mL of methanol. The resulting solution was stirred at room temperature for 16 
hours. NaBH4 (0.7 g, 18 mmol) was added into the resulting mixture and the 
mixture was stirred at 50 °C for 4 hours. Solvent was removed under reduced 
pressure. The residue was dissolved in 40 mL of CH2Cl2 and was extracted 
three times with 20 mL of water. The CH2Cl2 layer was dried over anhydrous 
MgSO4. MgSO4 was filtered off and the organic layer was evaporated to 
dryness. Ligand obtained was purified via column chromatography 
(MeOH/CH2Cl2: 1/10) to afford yellow oil product (Yield: 1.46 g, 99%). 1H-
NMR (300 MHz, CDCl3): δ(ppm) = 8.48(d, py-H), 7.72(t, 1H, py-H), 7.40(t, 
1H, py-H), 7.22(d, 1H, py-H), 3.80(s, 2H, Py-CH2), 3.40(t, 2H, 
NCH2CH2OMe), 3.23(s, 3H, OCH3), 2.98(s, 1H, NH), 2.67(t, 2H, 
NCH2CH2OMe), ESI-MS(m/z): 167([MH]+). 
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Synthesis of L13: Pyridine-2-carbaldehyde (0.57 mL, 6 mmol) and thiophen-
2-ylmethanamine (0.616 mL, 6 mmol) were transferred into flask with  25 mL 
of methanol. The resulting solution was stirred at room temperature for 16 
hours. NaBH4 (0.7 g, 18 mmol) was added into the resulting mixture and the 
mixture was stirred at 50 °C for 4 hours. Solvent was removed under reduced 
pressure. The residue was dissolved in 40 mL of CH2Cl2 and was extracted 
three times with 20 mL of water. The CH2Cl2 layer was dried over anhydrous 
MgSO4. MgSO4 was filtered off and the organic layer was evaporated to 
dryness. Ligand obtained was purified via column chromatography 
(MeOH/CH2Cl2: 1/10) to afford yellow oil product (Yield: 0.6 g, 50%). 1H-
NMR (300 MHz, CDCl3): δ(ppm) = 8.49(d, 1H, py-H), 7.75(t, 1H, py-H), 
7.46(d, 1H, py-H), 7.39(d, 1H, py-H), 7.24(t, 1H, Thiophene-H), 6.95(d, 2H, 
Thiophene-H), 3.90(s, 2H, pyCH2), 3.81(s, 2H, ThiopheneCH2), 2.83(s, 1H, 
NH). ESI-MS(m/z): 205 ([MH]+). 
Synthesis of L14: Pyridine-2-carbaldehyde (0.57 mL, 6 mmol) and N1,N1-
dimethylpropane-1,3-diamine (0.755 mL, 6 mmol) were transferred into flask 
with  25 mL of methanol. The resulting solution was stirred at room 
temperature for 16 hours. NaBH4 (0.7 g, 18 mmol) was added into the 
resulting mixture and the mixture was stirred at 50 °C for 4 hours. Solvent was 
removed under reduced pressure. The residue was dissolved in 40 mL of 
CH2Cl2 and was extracted three times with 20 mL of water. The CH2Cl2 layer 
was dried over anhydrous MgSO4. MgSO4 was filtered off and the organic 
layer was evaporated to dryness. Ligand obtained was purified via column 
chromatography (MeOH/CH2Cl2: 1/10) to afford yellow oil product (Yield: 
0.568 g, 49%). 1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.50(d, 1H, py-H), 
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7.61(t, 1H, py-H), 7.27(d, 1H, py-H), 7.11(t, 1H, py-H), 3.86(s, 2H, pyCH2), 
2.98(s, 1H, NH), 2.65(t, 2H, NHCH2), 2.28(t, 2H, Me2NCH2), 2.17(s, 6H, 
N(CH3)2), 1.67(m, 2H, CH2CH2CH2). ESI-MS(m/z): 194 ([MH]+). 
 
4.4.3 Synthesis of Re(I) complexes (21-30) 
Ln (0.5 mmol) and Re(CO)5Br (0.203 g, 0.5 mmol) were dissolved in 10 mL of 
anhydrous MeOH and the mixture was refluxed overnight. The mixture was 
filtered and the solid part was washed using anhydrous MeOH for 3 times. The 
solid was recrystallized using DCM/Hexane.  
L5Re(CO)3Br(21): (Yield: 0.180 g, 67%) ESI-MS(m/z): 465 ([L5Re(CO)3]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 9.06(d,  1H, py-H), 8.79(s, 1H, 
CH=N), 8.06(t, 1H, py-H), 7.93(d, 1H, py-H), 7.58(t, 1H, py-H), 4.35(m, 2H, 
NCH2CH2CH2SCH3), 2.66(m, 2H, NCH2CH2CH2SCH3), 2.42(m, 2H, 
NCH2CH2CH2SCH3), 2.13(s,  3H, SCH3). Anal.Calcd for C13H14BrN2O3SRe: 
C, 28.68; H, 2.59; N, 5.15; S, 5.89. Found: C, 28.55; H, 2.71; N, 5.47; S, 5.64. 
L6Re(CO)3Br(22): (Yield: 0.200 g, 70%) ESI-MS(m/z): 497 ([L6Re(CO)3]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 9.04(d,  1H, py-H), 8.50(s, 1H, 
CH=N), 8.0(t, 1H, py-H), 7.82(d, 1H, py-H), 7.52(t, 1H, py-H), 7.44(m, 2H, 
ph-H), 7.06(t, 1H, ph-H), 6.97(d, 1H, ph-H), 5.37(m, 2H, NCH2Ar), 3.82(s, 
3H, phOCH3). Anal.Calcd for C17H14BrN2O4Re: C, 35.42; H, 2.45; N, 4.86. 
Found: C, 35.52; H, 2.69; N, 4.67. 
L7Re(CO)3Br(23): (Yield: 0.170 g, 66%) ESI-MS(m/z): 513 
([L7Re(CO)3]+).1H-NMR (300 MHz, CDCl3): δ(ppm) = 9.02(d, 1H, py-H), 
8.7(s, 1H, CH=N), 8.05(d, 1H, py-H), 7.90(t, 1H, py-H), 7.56(t, 1H, py-H), 
4.32-4.23(m, 2H, CH2CH2OCH3), 3.99-3.92(t, 2H, CH2CH2OCH3), 3.39(s, 3H, 
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CH3). Anal.Calcd for C12H12BrN2O4Re: C, 28.02; H, 2.35; N, 5.45. Found: C, 
28.04; H, 2.66; N, 5.64. 
L8Re(CO)3Br(24): (Yield: 0.201 g, 73%) ESI-MS(m/z): 473 ([L8Re(CO)3]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 9.04(d, 1H, py-H), 8.56(s, 1H, CH=N), 
8.03(d, 1H, py-H), 7.85(t, 1H, py-H), 7.57(m, 1H, py-H), 7.46(m, 1H, 
Thiophene-H), 7.13(m, 2H, Thiophene-H), 5.54(s, 2H, NCH2). Anal.Calcd for 
C14H10BrN2O3SRe: C, 30.44; H, 1.82; N, 5.07; S, 5.80. Found: C, 30.03; H, 
2.12; N, 4.78; S, 5.81. 
L9Re(CO)3Br(25): (Yield: 0.198 g, 73%) ESI-MS(m/z): 462 ([L9Re(CO)3]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 9.04(d, 1H, py-H), 9.0(s, 1H, CH), 
8.04(d, 1H, py-H), 7.96(t, 1H, py-H), 7.54(t, 1H, py-H), 4.39-4.21(m, 2H, 
CH=NCH2), 3.10(t, 2H, CH2NMe2), 2.38(s, 6H, N(CH3)2), 1.40(m, 2H, 
CH2CH2CH2). Anal.Calcd for C14H17BrN3O3Re: C, 31.06; H, 3.16; N, 7.76. 
Found: C, 31.29; H, 3.12; N, 7.53. 
L10Re(CO)3Br(26): (Yield: 0.186 g, 68%) ESI-MS(m/z): 467 ([L10Re(CO)3]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.85(d,  1H, py-H), 7.90(t, 1H, py-H), 
7.46(d, 1H, py-H), 7.37(t, 1H, py-H), 4.76(m, 1H, pyCH2), 4.17(m, 1H, 
pyCH2), 3.88(s, 1H, NH), 3.44(m, 2H, NCH2CH2CH2S), 2.86(m, 2H, 
NCH2CH2CH2S), 2.15(s, 3H, SCH3), 1.55(m, 2H, NCH2CH2CH2S). 
Anal.Calcd for C13H16BrN2O3SRe: C, 28.57; H, 2. 95; N, 5.13; S, 5.87. Found: 
C, 28.79; H, 2.92; N, 5.04; S, 5.62. 
L11Re(CO)3Br(27): (Yield: 0.210 g, 73%) ESI-MS(m/z): 499 
([L11Re(CO)3]+).1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.90(d,  1H, py-H), 
7.83(t, 1H, py-H), 7.41(d, 1H, py-H), 7.27(m, 1H, py-H), 7.25(m, 2H, ph-H), 
6.98(m, 2H, Ph-H), 4.93(s, 1H, NH), 4.85(m, 1H, pyCH2N), 4.38(m, 1H, 
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pyCH2N), 4.02(m, 2H, NCH2Ph), 3.85(s,  3H, OCH3). Anal.Calcd for 
C17H16BrN2O4Re: C, 35.3; H, 2.79; N, 4.84. Found: C, 35.36; H, 2.93; N, 5.02. 
L12Re(CO)3Br(28): (Yield: 0.233 g, 90%) ESI-MS(m/z): 437 ([L12Re(CO)3]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.84(d,  1H, py-H), 7.89(t, 1H, py-H), 
7.45(d, 1H, py-H), 7.36(t, 1H, py-H), 4.80(m, 1H, pyCH2N), 4.19(s, 1H, NH), 
4.15(m, 1H, pyCH2N), 3.74(m, 2H, NCH2CH2OCH3), 3.56(m, 2H, 
NCH2CH2OCH3), 3.43(s,  3H, SCH3). Anal.Calcd for C12H14BrN2O4Re: C, 
27.91; H, 2.73; N, 5.43. Found: C, 27.81; H, 2.81; N, 5.05. 
L13Re(CO)3Br(29): (Yield: 0.176 g, 64%) ESI-MS(m/z): 475 ([L13Re(CO)3]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.85(d,  1H, py-H), 7.86(t, 1H, py-H), 
7.40(d, 1H, py-H), 7.36(t, 1H, py-H), 7.33(m, 1H, Thiophene-H), 7.17(m, 1H, 
Thiophene-H), 7.08(m, 1H, Thiophene-H), 4.93(m, 1H, pyCH2N), 4.53(m, 1H, 
pyCH2N), 4.0(m, 2H, NCH2Thiophene), 1.70(s, 1H, NH). Anal.Calcd for 
C14H12BrN2O3SRe: C, 30.33; H, 2.18; N, 5.05; S, 5.78. Found: C, 30.22; H, 
2.14; N, 5.05; S, 5.71. 
L14Re(CO)3Br(30): (Yield: 0.196 g, 72%) ESI-MS(m/z): 464 ([L14Re(CO)3]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.86(d,  1H, py-H), 7.96(t, 1H, py-H), 
7.41(d, 1H, py-H), 7.39(t, 1H, py-H), 4.71(m, 1H, pyCH2), 4.27(m, 1H, 
pyCH2), 3.89(s, 1H, NH), 3.43(m, 2H, NCH2CH2CH2NMe2), 2.96(m, 2H, 
NCH2CH2CH2NMe2), 2.65(s, 6H, NCH3), 1.75(m, 2H, 
NCH2CH2CH2NMe2).Anal.Calcd for C14H19BrN3O3Re: C, 30.94; H, 3.52; N, 






4.4.4 Synthesis of Salicylaldimine Re(I) complexes(31-34) 
0.5 mmol of ligands were dissolved in 20 mL of anhydrous DCM, 0.5 mmol 
of Et3N was added in to the reaction. The mixture was stirred for 10 minutes. 
0.203 g (0.5 mmol) of Re(CO)5Br was added and the mixture refluxed 
overnight. The solvent was removed under vacuum and the residue was 
purified via column chromatography(MeOH/CH2Cl2: 1/50) 
L1Re(CO)3(31): (Yield: 0.198 g, 83%) 1H-NMR (300 MHz, CDCl3): δ(ppm) 
= 8.01 (s,  1H, phCH=N), 7.33-7.26(t, 1H, ph-H), 7.13-7.11(d, 1H, ph-H), 
6.88-6.85(d, 1H, ph-H), 6.61-6.57(t, 1H, ph-H), 4.28-4.24(t, 1H, 
NCH2CH2CH2NMe2), 4.02-3.99(d, 1H, NCH2CH2CH2NMe2), 3.60-3.52(t, 1H, 
NCH2CH2CH2NMe2), 3.16(s, 3H, NCH3), 2.80-2.76(d, 1H, 
NCH2CH2CH2NMe2), 2.11(s, 3H, NCH3), 2.03(m, 1H, NCH2CH2CH2NMe2), 
1.82(m, 1H, NCH2CH2CH2NMe2). ESI-MS(m/z): 477 ([M+H]+). Anal.Calcd 
for C15H17N2O4Re: C, 37.89; H, 3.6; N, 5.89. Found: C, 37.49; H, 3.84; N, 
5.99.  
[L2Re(CO)3]2(32): (Yield: 0.160 g, 69%) 1H-NMR (300 MHz, CDCl3): δ(ppm) 
= 8.41(s,  1H, phCH=N), 7.49(t, 1H, ph-H), 7.37(d, 1H, ph-H), 7.00(m, 2H, 
ph-H), 4.38(m, 2H, NCH2CH2CH2O), 3.62(m, 2H, NCH2CH2CH2O), 3.46(s, 
3H, OCH3), 2.36(m, 2H, NCH2CH2CH2O). ESI-MS(m/z): 464 
([L2Re(CO)3+H]+), 957([M+H]+). Anal.Calcd for C28H28N2O10Re2: C, 36.36; 
H, 3.05; N, 3.03. Found: C, 36.48; H, 3.24; N, 3.15. 
[L3Re(CO)3]2(33): (Yield: 0.170 g, 66%) 1H-NMR (300 MHz, DMSO-d6): 
δ(ppm) = 8.31(s,  1H, phCH=N), 7.37-7.42(m, 3H, ph-H), 7.23-7.29(m, 2H, 
ph-H), 7.10-7.12(d, 1H, ph-H), 6.67(d, 1H, ph-H), 6.59-6.63(t, 1H, ph-H), 
2.49(s, 3H, SCH3). ESI-MS(m/z): 513 ([L3Re(CO)3+H]+), 1024 ([M+H]+). 
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Anal. Calcd for C34H24N2O8S2Re2: C, 39.84; H, 2.36; N, 2.73; S, 6.26. Found: 
C, 39.91; H, 2.33; N, 2.69; S, 6.26. 
[L4Re(CO)3]2(34): (Yield: 0.150 g, 60%) 1H-NMR (300 MHz, DMSO-d6): 
δ(ppm) = 8.39(s,  1H, phCH=N), 7.70(d, 1H, ph-H), 7.40(m, 1H, ph-H), 
7.38(m, 2H, ph-H), 7.14(d, 2H, ph-H), 6.98(t, 1H, ph-H), 6.58(d, 1H, ph-H), 
3.92(s, 3H, OCH3). Anal.Calcd for C34H30N2O10Re2: C, 41.13; H, 2.44; N, 
2.82. Found: C, 41.01; H, 2.58; N, 2.78. 
 
4.4.5 Synthesis of Re(I)BF4 complexes (24' and 29') 
 [L8Re(CO)3(MeCN)]BF4(24'): 24 (0.276 g, 0.5 mmol) was dissolved in 
anhydrous acetonitrile and AgBF4 (0.107 g, 0.55 mmol) was added into the 
solution. The reaction was stirred at room temperature for 16 hours and kept 
away from light under nitrogen protection. After 16 hours, the reaction is 
stirred in the present of light for 2 hours and the mixture was filtered through 
celite. The solvent of filtrate was removed to afford the product (Yield: 0.170 
g, 57%). ESI-MS(m/z): 473 ([L8Re(CO)3]+), 514 ([L8Re(CO)3(MeCN)]+). 1H-
NMR (300 MHz, CD3CN): δ(ppm) = 9.12(s, 1H, CH=N), 9.01(d, 1H, py-H), 
8.31(d, 1H, py-H), 8.21(t, 1H, py-H), 7.76(m, 1H, py-H), 7.55(m, 1H, 
Thiophene-H), 7.34(m, 1H, Thiophene-H), 7.14(m, 1H, Thiophene-H),5.51(s, 
2H, NCH2), 2.17(s, 3H, CH3CN). Anal.Calcd for C16H13BF4N3O3ReS: C, 
32.01; H, 2,18; N, 7.00; S, 5.34. Found: C, 31.68; H, 2.26; N, 7.28; S, 4.97. 
[L13Re(CO)3(MeCN)]BF4(29'): 29 (0.277 g, 0.5 mmol) was dissolved in 
anhydrous acetonitrile and AgBF4 (0.107 g, 0.55 mmol) was added into the 
solution. The reaction was stirred at room temperature for 16 hours and kept 
away from light under nitrogen protection. After 16 hours, the reaction is 
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stirred in the present of light for 2 hours and the mixture was filtered through 
celite. The solvent of filtrate was removed to afford the product (Yield: 0.160 
g, 53%). ESI-MS(m/z): 475 ([L13Re(CO)3]+), 516 ([L13Re(CO)3(MeCN)]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.80(d,  1H, py-H), 8.09(t, 1H, py-H), 
7.64(d, 1H, py-H), 7.61(t, 1H, py-H), 7.55(m, 1H, Thiophene-H), 7.30(m, 1H, 
Thiophene-H), 7.14(m, 1H, Thiophene-H), 4.83(m, 1H, NH), 4.82(m, 1H, 
pyCH2N), 4.60-4.53(m, 2H, NCH2Thiophene), 4.26-4.17(m, 1H, 
pyCH2N),2.17(s, 3H, CH3CN). Anal.Calcd for C16H15BF4N3O3ReS: C, 31.90; 
H, 2.51; N, 6.98; S, 5.32. Found: C, 31,49; H, 2.53; N, 7.11; S, 5.3. 
 
4.4.6  Crystallographic information 
Measurement conditions: referring to section 2.4.3  
Table 4.4.6.1 Crystallographic data and refinement parameters for complexes 
21, 22, 23, 24. 
 













544.43 576.41 514.35 552.41 
Temperature 
/ K 
223(2) 223(2) 100(2) 100(2) 
Wavelength / 
Å 
0.71073 0.71073 0.71073 0.71073 
Crystal 
system 
Monoclinic Monoclinic Triclinic Tetragonal 
Space group P2(1)/n P2(1)/n P-1 P4(2)/n 
a / Å 8.9213(5) 11.0672(6) 7.4881(10) 19.3364(12) 
b / Å 17.9036(9) 13.0326(8) 9.4225(13) 19.3364(12) 
c / Å 10.7031(5) 12.9531(8) 11.7630(15) 8.6980(10) 
/ ° 90 90 81.124(3) 90 
/ ° 102.1650(10) 104.7130(10) 82.398(2) 90 
/ ° 90 90 67.938(2) 90 
Volume / Å3 1671.15(15) 1807.02(19) 757.47(17) 3252.2(5) 








9.796 8.959 10.671 10.070 
F(000) 1024 1088 480 2064 
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Crystal size / 
mm3 
0.56 x 0.30 x 0.16 0.30 x 0.30 x 0.22 0.50 x 0.30 x 
0.20 
0.24 x 0.07 x 0.06 
Theta range 
for data 
collection / ° 
2.25 to 27.49 2.17 to 27.50 2.35 to 27.48 1.49 to 27.50 
Reflections 
collected 
11580 12011 5290 22301 
Independent 
reflections 
3822 [R(int) = 
0.0441] 
4150 [R(int) = 
0.0380] 
3415 [R(int) = 
0.0257] 





3822 / 0 / 191 4150 / 0 / 227 3415 / 6 / 182 3748 / 96 / 236 





R1 = 0.0326, 
wR2 = 0.0778 
R1 = 0.0275, 
wR2 = 0.0624 
R1 = 0.0325, 
wR2 = 0.0924 
R1 = 0.0466, 
wR2 = 0.0932 
R indices (all 
data) 
R1 = 0.0359, 
wR2 = 0.0794 
R1 = 0.0321, 
wR2 = 0.0643 
R1 = 0.0345, 
wR2 = 0.1015 
R1 = 0.0775, 
wR2 = 0.1024 
Largest diff. 
peak and 
hole / e.Å-3 
1.882 and -1.827 0.942 and -1.206 2.592 and -2.263 2.038 and -0.844 
 
Table 4.4.6.2 Crystallographic data and refinement parameters for complexes 
25, 26, 28. 
 
Compound 25 26 28 
Empirical 
formula 
C14H17BrN3O3Re C13H16BrN2O3ReS C12H14BrN2O4Re 
Formula 
weight 
541.42 546.45 516.36 
Temperature / 
K 
223(2) 100(2) 223(2) 
Wavelength / 
Å 
0.71073 0.71073 0.71073 
Crystal system Monoclinic Triclinic Monoclinic 
Space group P2(1)/n P-1 P2(1)/c 
a / Å 10.9219(9) 7.4137(14) 9.3249(6) 
b / Å 11.3139(9) 9.1712(17) 21.3686(15) 
c / Å 14.3205(12) 12.918(3) 7.5940(5) 
/ ° 90 98.142(4) 90 
/ ° 100.461(2) 101.003(4) 96.075(2) 
/ ° 90 95.395(4) 90 
Volume / Å3 1740.2(2) 846.8(3) 1504.68(17) 








9.293 9.666 10.744 
F(000) 1024 516 968 
Crystal size / 
mm3 
0.28 x 0.18 x 0.18 0.60 x 0.22 x 0.08 0.60 x 0.06 x 0.04 
Theta range for 
data collection 
/ ° 





11827 5860 10136 
Independent 
reflections 
3983 [R(int) = 
0.0411] 
3824 [R(int) = 
0.0239] 





3983 / 0 / 201 3824 / 0 / 195 3423 / 1 / 186 
GOF 1.041 1.080 1.269 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0352, wR2 
= 0.0846 
R1 = 0.0310, wR2 
= 0.0854 
R1 = 0.0343, wR2 
= 0.0864 
R indices (all 
data) 
R1 = 0.0433, wR2 
= 0.0881 
R1 = 0.0334, wR2 
= 0.0891 
R1 = 0.0413, wR2 
= 0.0999 
Largest diff. 
peak and hole / 
e.Å-3 
2.632 and -0.996 2.593 and -1.676 1.617 and -1.089 
 
Table 4.4.6.3 Crystallographic data and refinement parameters for complexes 
29, 24', 31. 
 
Compound 29 24' 31 
Empirical 
formula 
C14H12BrN2O3ReS C16H13BF4N3O3ReS C15H17N2O4Re 
Formula 
weight 
554.43 600.36 475.51 
Temperature / 
K 
100(2) 100(2) 100(2) 
Wavelength / 
Å 
0.71073 0.71073 0.71073 
Crystal system Triclinic Triclinic Monoclinic 
Space group P-1 P-1 P2(1)/c 
a / Å 7.5564(4) 9.106(2) 11.8014(16) 
b / Å 9.7620(5) 10.413(2) 11.2454(15) 
c / Å 11.7085(6) 10.752(2) 12.2103(17) 
/ ° 109.5890(10) 86.647(6) 90 
/ ° 98.3110(10)°. 74.050(6) 110.796(2) 
/ ° 100.9070(10) 84.638(6) 90 
Volume / Å3 778.54(7) 975.5(4) 1514.9(4) 








10.516 6.396 8.041 
F(000) 520 572 912 
Crystal size / 
mm3 
0.27 x 0.23 x 0.17 0.303 x 0.275 x 0.214 0.24 x 0.22 x 0.21 
Theta range for 
data collection 
/ ° 
1.89 to 27.48 1.971 to 27.494 1.85 to 27.49 
Reflections 
collected 
10092 37678 10464 
Independent 
reflections 
3566 [R(int) = 
0.0396] 
4474 [R(int) = 
0.0445] 





3566 / 147 / 249 4474 / 30 / 280 3469 / 0 / 201 
GOF 1.087 1.100 1.115 
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Final R indices 
[I>2sigma(I)] 
R1 = 0.0280, wR2 
= 0.0642 
R1 = 0.0141, wR2 
= 0.0344 
R1 = 0.0185, wR2 
= 0.0451 
R indices (all 
data) 
R1 = 0.0299, wR2 
= 0.0652 
R1 = 0.0149, wR2 
= 0.0346 
R1 = 0.0202, wR2 
= 0.0459 
Largest diff. 
peak and hole / 
e.Å-3 
2.404 and -1.720 0.419 and -0.968 0.998 and -0.974 
 
Table 4.4.6.4 Crystallographic data and refinement parameters for complexes 
32, 33, 34. 
 
Compound 32 33 34 
Empirical 
formula 
C28H28N2O10Re2 C34H24N2O8Re2S2 C34H24N2O10Re2 
Formula 
weight 
924.92 1025.07 992.95 
Temperature / 
K 
100(2) 100(2) 100(2) 
Wavelength / 
Å 
0.71073 0.71073 0.71073 
Crystal system Triclinic Triclinic Triclinic 
Space group P-1 P-1 P-1 
a / Å 7.3828(11) 8.1339(10) 8.1854(12) 
b / Å 9.3112(13) 8.6328(11) 8.6533(13) 
c / Å 11.5520(17) 12.4585(15) 12.0368(18) 
/ ° 109.707(2) 100.475(3) 104.117(2) 
/ ° 99.124(3) 104.594(2) 102.706(3) 
/ ° 102.864(2) 96.573(3) 96.903(3) 
Volume / Å3 704.83(18) 820.59(18) 792.8(2) 








8.641 7.552 7.690 
F(000) 440 488 472 
Crystal size / 
mm3 
0.35 x 0.21 x 0.18 0.19 x 0.07 x 0.04 0.20 x 0.10 x 0.06 
Theta range for 
data collection 
/ ° 
2.43 to 27.50 1.73 to 27.50 1.81 to 27.49 
Reflections 
collected 
9147 10765 10403 
Independent 
reflections 
3223 [R(int) = 
0.0282] 
3770 [R(int) = 
0.0387] 





3223 / 0 / 191 3770 / 0 / 218 3642 / 0 / 218 
GOF 1.128 1.047 1.039 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0178, wR2 
= 0.0433 
R1 = 0.0263, wR2 
= 0.0561 
R1 = 0.0215, wR2 
= 0.0509 
R indices (all 
data) 
R1 = 0.0184, wR2 
= 0.0436 
R1 = 0.0297, wR2 
= 0.0572 
R1 = 0.0232, wR2 
= 0.0515 
Largest diff. 
peak and hole / 
e.Å-3 




4.4.7 Epoxidation of cis-cyclooctene 
Cyclooctene (0.4 g, 3.6 mmol), mesitylene (1 g, internal standard), and 
catalysts (1 mol%, 0.036 mmol or 5 mol%, 0.18 mmol) were added to the 
reaction flask. The reaction was kept at 50 ºC for 3 minutes. TBHP (5.0-6.0 M 
in n-decane, 7.2 mmol, 1.31 mL) was added into the reaction to start the 
catalytic reaction. 0.1 mL of samples were taken in regular time, diluted with  
1 mL of CH2Cl2, treated with catalytic amount of MnO2 and MgSO4 to remove 
water and to destroy the excess peroxide. The resulting solution was filtered 
and injected into the GC column. The conversion of cis-cyclooctene and the 





CHAPTER 5 Rhenium(I) Complexes with Pyridine-
carbamoyl Ligands and Their Catalytic Behaviors 
5.1 Introduction 
Introducing a base in the complexation reaction between pyridine-amine 
ligands and Re(I) metal precursor is widely used in the synthesis of Re 
complexes (Scheme 5.1.1: Re-5-1,388 Scheme 5.1.2: Re-5-2389) and other 
metal complexes (e.g. Ni,390, 391 Cr,390, 392 Rh,393, 394 Tc,395 etc). Based on these 
experimental results, it could be proposed that if the reaction is conducted in a 
non-coordinating solvent such as dichloromethane, after the dissociation of Br-, 
the non-coordinating solvent would not occupy the vacant site, this can 
provide the opportunity for the pendant donor of the ligands to coordinate to 
the metal center as shown in Scheme 5.1.3. However, in this work, the 
predicted structure is not formed in the reaction. A series of pyridine-
carbamoyl Re(I) complexes is obtained instead. In this chapter, the different 
ligands with different potentially deprotonative function groups are used to 
study the formation of Re-carbamoyl compounds.  
 Scheme 5.1.1 Synthetic procedure for reported Re(I) complexes with 































Scheme 5.1.3 Predicted and real structure of the products of complexation 
reaction between the pyridine-amine ligands and Re(I) metal precursor 
involving base. 
 
5.2 Results and discussion  



































Scheme 5.2.1.1 Synthesis of 37 to 41. 
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37-41 were formed when strong base was introduced in the complexation 
reaction between L10-L14 and Re(CO)5Br. The synthesis route is shown in 
Scheme 5.2.1.1. It is found that introducing the strong base in the 
complexation reaction not only leads to the abstract the proton of the amine, 
but also changes the coordination mode of the complexes.  
The ESI-MS spectra of 37-41 reveal [M+H]+ fragment for each complex. IR 
spectra of 37-41 have four strong absorption bands between 2100-1920 cm-1 
corresponding to the C≡O stretching, and the C=O stretching band at 1525-
1550 cm-1. 1H-NMR spectra of complexes 37-41 show that there is generally a 
downfield shift of the proton signals upon complexation. For example, for 
complex 37, the protons on the pyridine ring (Figure 5.2.1.1, a, b, c, d) and on 
the methylene beside the amine N atom (Figure 5.2.1.1, e, f)  downfield shift 
comparing to those in ligand L10. The protons on the pendant arm (Figure 
5.2.1.1, g, h, i) have similar chemical shift comparing to the ligand L10. 
Comparing with complex 26 which have the same donor pendant, the protons 
on the pyridine ring of 37 have similar chemical shift. For the proton e of the 
methylene, complex 37 reveals a singlet peak while complex 26 shows two 
split peaks.   
 






Table 5.2.1.1 1H-NMR results for L10, 26 and 37. 
 37 26 L10
a-d 8.93, 7.91, 7.55, 7.29 8.85, 7.90, 7.46, 7.37 8.45, 7.56, 7.23, 7.08 
e 4.57 4.76, 4.17 3.70 
f 3.60 3.44 2.54 
g 1.76 1.55 1.72 
h 2.36 2.86 2.41 
i 2.03 2.15 2.00 
 
Different from 21-30, the N donor from the amine group in 37-41 does not 
coordinate to the metal center. Instead it forms carbamoyl group as revealed 
by X-ray crystallographic analysis. The rhenium metal center is chelated by 
the N donor of the pyridine group and the carbon atom in the carbamoyl group 
forming six-membered ring. The remained four coordination sites are 
occupied by four carbonyl groups. The bidentate chelating angle is between 
85.31(13) and 87.10(11)º which is much larger compare to 26-30 and the only 
related compound reported in the literature, Re-5-3 (Figure 5.2.1.7 
76.2(3)º).388 The bond distance of Re1-C7 (from carbamoyl) (2.188(4)-2.203(3) 
Å) is much longer than Re-C≡O (1.936(4)-2.012(4) Å), it is slightly longer 
than the reported structure Re-5-3 (2.146(7)º).388 
 
Figure 5.2.1.2 X-ray structure of 37 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C14 1.936(4), 
Re1-C15 1.966(4), Re1-C13 1.983(4), Re1-C12 2.012(4), Re1-C7 2.194(4), 
Re1-N1 2.205(3), C14-Re1-C15 86.79(17), C14-Re1-C13 90.12(17), C15-
Re1-C13 90.81(16), C14-Re1-C12 89.67(16), C15-Re1-C12 171.56(16), C13-
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Re1-C12 96.86(15), C14-Re1-C7 92.60(16), C15-Re1-C7 87.30(15), C13-
Re1-C7 176.59(14), C12-Re1-C7 85.21(15), C14-Re1-N1 175.70(14), C15-
Re1-N1 97.39(14), C13-Re1-N1 90.82(15), C12-Re1-N1 86.05(13), C7-Re1-
N1 86.62(13). 
 
Figure 5.2.1.3 X-ray structure of 38 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C18 1.927(4), 
Re1-C16 1.981(4), Re1-C17 1.985(4), Re1-C19 1.990(4), Re1-C7 2.188(4), 
Re1-N1 2.208(3), C18-Re1-C16 92.64(17), C18-Re1-C17 86.33(17), C16-
Re1-C17 91.88(16), C18-Re1-C19 87.57(17), C16-Re1-C19 94.63(17), C17-
Re1-C19 171.27(16), C18-Re1-C7 88.15(15), C16-Re1-C7 177.99(15), C17-
Re1-C7 90.01(14), C19-Re1-C7 83.55(16), C18-Re1-N1 172.58(14), C16-
Re1-N1 93.78(15), C17-Re1-N1 97.15(14), C19-Re1-N1 88.22(14), C7-Re1-
N1 85.31(13). 
 
Figure 5.2.1.4 X-ray structure of 39 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C13 1.930(3), 
Re1-C12 1.977(4), Re1-C11 1.977(4), Re1-C14 2.003(4), Re1-C7 2.203(3), 
Re1-N1 2.208(3), C13-Re1-C12 90.95(14), C13-Re1-C11 91.25(15), C12-
Re1-C11 91.04(15), C13-Re1-C14 88.06(15), C12-Re1-C14 92.47(15), C11-
Re1-C14 176.44(14), C13-Re1-C7 88.63(14), C2-Re1-C7 172.78(15), C11-
Re1-C7 96.17(14), C14-Re1-C7 80.32(14), C13-Re1-N1 175.41(12), C12-





Figure 5.2.1.5 X-ray structure of 40 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C15 1.933(3), 
Re1-C16 1.971(3), Re1-C13 1.979(3), Re1-C14 2.021(3), Re1-C7 2.188(3), 
Re1-N1 2.203(3), C15-Re1-C16 88.41(13), C15-Re1-C13 90.13(13), C16-
Re1-C13 89.75(13), C15-Re1-C14 90.96(12), C16-Re1-C14 173.37(12), C13-
Re1-C14 96.86(12), C15-Re1-C7 91.19(12), C16-Re1-C7 90.34(12), C13-
Re1-C7 178.68(11), C14-Re1-C7 83.07(11), C15-Re1-N1 74.85(11), C16-
Re1-N1 96.01(11), C13-Re1-N1 92.52(11), C14-Re1-N1 84.34(10), C7-Re1-
N1 86.16(11). 
 
Figure 5.2.1.6 X-ray structure of 41 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C16 1.932(3), 
Re1-C13 1.970(3), Re1-C14 1.982(3), Re1-C15 2.017(3), Re1-C7 2.188(3), 
Re1-N1 2.203(3), C16-Re1-C13 86.17(14), C16-Re1-C14 90.85(13), C13-
Re1-C14 92.38(13), C16-Re1-C15 89.15(14), C13-Re1-C15 170.34(13), C14-
Re1-C15 96.14(13), C16-Re1-C7 92.02(12), C13-Re1-C7 86.27(12), C14-
Re1-C7 176.75(12), C15-Re1-C7 85.45(12), C16-Re1-N1 176.70(12), C13-






Figure 5.2.1.7 Reported Re (Re-5-3)388, Mn (Mn-5-1)396 and Fe (Fe-5-
1)397complexes with carbamoyl ligand  
 
   Why the ligand attacks the carbonyl group instead of metal center? This 
observation was firstly reported in 1970s. Behrens and co-workers found that 
reacting Re(CO)5Cl with NH3 at 60 °C for 40 hours yields [Re(CO)4(NH3)2]Cl 
by CO substitution, but when the reaction time is shortened to 1 hour, 
carbamoyltetracarbonylamminerhenium ((CO)4(NH3)ReCONH2) was formed 
without elimination of CO.398  The mechanism was also proposed (Scheme 
5.2.1.2). The ammonia molecule first attacks the carbonyl group of the Re 
precursor Re(CO)5Cl. Subsequently another molecule of NH3 replaces the 
chloride at the rhenium center. The formed intermediate further reacts with 
NH3molecule to form ammonium chloride and (CO)4(NH3)ReCONH2.This 
phenomenon does not only happen to rhenium carbonyl complexes formed 
between Re(CO)5Cl and an amine399-401  but also other metal carbonyl 
complexes, e.g. Mn (Figure 5.2.1.7, Mn-5-1),396 Fe (Figure 5.2.1.7, Fe-5-1).397 
 
 





In order to understand the influence of different function group on the 
formation of Re-carbamoyl bond, following experiments have been conducted.    
 
Scheme 5.2.1.3 Synthesis of HL15. 
Scheme 5.2.1.3 shows the synthesis route of HL15. HL15 is a similar to L7. 
Both of them are pyridine-imine ligands with a flexible donor pendant. The 
difference is that the pendant donor of L7 is OMe and the pendant donor of 
HL15 is OH. When HL15 was treated with t-BuOK and subsequently react with 
Re(CO)5Br, compound 42 was obtained (Scheme 5.2.1.4 and Figure 5.2.1.8). 
The OH group is not deprotonated and the donor pendant still dangling. The 
positive mode of ESI-MS shows a set of peak centered at m/z 435 which can 
be assigned to the  fragment of [M-Br]+. 
 
Scheme 5.2.1.4 Synthesis of 42. 
 
Figure 5.2.1.8 X-ray structure of 42 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C10 1.922(6), 
Re1-C11 1.931(7), Re1-C12 1.916(7), Re1-N2 2.176(5), Re1-N1 2.179(5), 
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Re1-Br1 2.6110(8), N2-Re1-N1 74.80(18), N2-Re1-Br1 87.44(13), N1-Re1-
Br1 83.01(12). 
 
    The structure of 42 is similar to 23, only with different pendant donor. The 
ligand acts as a bidentate chelate ligand and the OH group remains non-
coordinate to the metal center. The bond distances and bond angles of 42 and 
23 are also similar, only Re1-N2 (2.176(5) Å for 42, 2.153(5) Å for 23) and 
N2-Re1-Br1 (87.44(13)° for 42, 83.72(14)° for 23) show slight differences.  
    How about Ar-OH group? The similar reaction between deprotonated HL2 
(using triethylamine) and Re precursor has been discussed in Chapter 4. 
Binuclear complex 37 is formed. When the base changes from triethylamine to 
t-BuOK, the structure of product is the same (Scheme 5.2.1.5). The 
deprotonated Ar-O- group doesn't attacked the carbonyl group but directly 
coordinate to the Re center, and also acts as the bridging atoms for this 
binuclear structures. The vacant site of the metal center is occupied by another 
Ar-O-group.  
 
Scheme 5.2.1.5 Deprotonation of Ar-OH and further react with Re(CO)5Br. 
    What will happen if two functional groups are present in the ligand 
precursor? With this consideration, HL16 was synthesized by reduction of HL2 
(Scheme 5.2.1.5). 
 
Scheme5.2.1.6 Synthesis of HL16. 
142 
 
For the complexation reaction, 2.2 equivalent of t-BuOK was used.. After 0.5 
hour stirring, 2.2 equivalent of Re(CO)5Br was added (Scheme 5.2.1.7). 
Compound 43 was obtained from the reaction and its molecular structure is 
shown in Figure 5.2.1.9. 
 
Scheme 5.2.1.7 Deprotonation of HL16 and further complex with Re(CO)5Br. 
 
Figure 5.2.1.9 X-ray structure of 43 drawn at 30% probability thermal 
ellipsoids. Selected bond distances (Å) and angles (deg): Re1-C14 1.890(4), 
Re1-C12 1.896(4),Re1-C13 1.922(4),Re1-O1 2.148(3), Re1-O1A 2.165(3), 
Re1-N1 2.221(3), C14-Re1-C12 87.09(15), C14-Re1-C13 84.85(14), C12-
Re1-C13 88.81(15), C14-Re1-O1 170.90(12), C12-Re1-O1 101.03(13), C13-
Re1-O1 99.28(12), C14-Re1-O1A 100.53(13), C12-Re1-O1A 171.90(11), 
C13-Re1-O1A 94.55(13), O1-Re1-O1A 71.17(10), C14-Re1-N1 96.13(13), 
C12-Re1-N1 95.66(13), C13-Re1-N1 175.47(11), O1-Re1-N1 79.14(10), 
O1A-Re1-N1 80.92(11). 
 
    The product 43 is a bi-rhenium complex which has a very similar structure 
to 37. The ligands acts as bidentate ligands and the phenoxy oxygen is bridged 
between two metal centers. The difference between 37 and 43 is the N donor. 
Compound 37 has an imine donor while 43 has an amine donor. It is clearly 
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shown from the bond length of Re1-N1. 43 (Re1-N1 2.221(3) Å) with the 
amine donor has an obvious longer Re1-N1 bond than 37 (2.176(3) Å). In this 
example, we can found that with introducing Ar-OH group, the RR'NH does 
not attack the carbonyl group anymore. The ESI-MS only reveals a m/z 544 in 
negative mode which can be assigned as ([L16Re(CO)3Br]-). 
    HL17 has two different functional groups Ar-OH and alkyl-OH. Similar to 
the treatment with HL16, 2.2 equivalent of t-BuOK was added to HL17 solution 
followed by the addition of 2.2 equivalent of Re(CO)5Br to form complex 44 
(Scheme 5.2.1.9).  
Scheme 5.2.1.8 Synthesis of HL17. 
    The ESI-MS results of 44 are shown in Figure 5.2.1.10. There are two 
major peaks at negative mode, m/z 528.3 and 976.3, which can be assigned 
toL17Re(CO)3Br- and (L17)2Re2(CO)6Br-. The isotopic patterns of these two 
peaks match the calculated patterns. This result is very similar to 33 
([L3Re(CO)3]2). In the negative mode of ESI-MS spectra of 33, there are also 
two major peaks at m/z 591.9 and 1104.0, corresponding to L3Re(CO)3Br- and 
(L3)2Re2(CO)6Br. Therefore, the structure is predicted base on 33, a bi-






Figure 5.2.1.10 ESI-MS results for 44. 
 
Figure 5.2.1.11 1H-NMR results for 44. 
Scheme 5.2.1.9 Synthesis route and predicted structure of 44 from HL17. 
ONX-L21Re #27-31 RT: 0.77-0.88 AV: 5 NL: 1.85E7
T: - c ESI Full ms [50.00-2000.00]










































645.7 888.9 1094.4765.4199.1 390.8251.3 1310.8 1424.11240.5 1960.3155.0 1646.11539.0 1761.0 1830.0
145 
 
    Combine all the results above, it is found that under basic condition (t-
BuOK), only the ligand system only have one functional group RR'NH can 
lead to pyridine-carbamoyl Re(I) complexes.  
Based on the reported mechanism398 and the experiment results above, the 
proposed mechanism for the formation of 37-41 is shown in Scheme 5.2.1.10. 
The RR'NH group firstly attacks the carbonyl group to form the intermediate d. 
Pyridine group then attacks the metal center to replace Br-. In this step, t-
BuOK plays a very important role. K+ will abstract Br- group to form KBr 
precipitate to leave the reaction system. This helps the replacement process 
smoothly to give intermediate e. If no base is involved in this reaction, this 
equilibrium will be maintained until the complexes forms more stable 
structures (26-30). In intermediate e, the acidity of the proton on the amine 
group increases and it can be easily abstracted by t-BuO- to form t-BuOH. 
When alkyl-OH is involved in this process, its nucleophilicity is not as good as 
RR'NH so that it cannot attack carbonyl group to form stable intermediate. 
When more acidic Ar-OH is involved, it is completely deprotonated by t-










































Scheme 5.2.1.10 Proposed mechanism for the formation of 37-41. 
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While bi-functional group is used in complex 43, the situation is different. 
When HL16, which contains Ar-OH and RR'NH groups, reacts with t-BuOK, 
only Ar-OH is deprotonated to ArO-. ArO- attacks rhenium metal center to 
replace the Br-. This replacement prevents the amine group from attacking the 
carbonyl group to form the carbamoyl Re(I) complexes. Therefore, the amine 
group works similar as the imine group in HL2 and forms similar structure 
with 37.  
 
5.2.2 Catalytic activity of pyridine-carbamoyl Re complexes towards 
olefin epoxidation 
All the pyridine-carbamoyl Re complexes have been evaluated as catalysts for 
the epoxidation of cis-cyclooctene with TBHP. The catalytic reaction 
condition follows the reported literatures.274, 275 The catalytic behaviour of all 
the complexes was shown in Table 5.2.2.1. The complexes showed lower 
catalytic activity comparing reported Re(VII) complexes,250, 377 To enhance 
the initial catalytic activity, catalyst loading is increased to 5%. In general, 
increase catalyst loading can slightly increase the 24hours yield of the 
catalytic reaction. For 5 mol% catalyst loading 24hours activity, in general, the 
yield given by  these five complexes are even lower comparing to those Re(I) 
complexes discussed in chapter 3. Among them, 40 shows the highest 24 
hours yield, while 41 with NMe2 pendant donor shows the lowest 24 hours 






Table 5.2.2.1 Catalytic behavior of all the complexes with 1 mol% and 5 mol% 
catalyst loading at 24 hours 
 
1 mol% 5 mol% 
Conversion(%) Yield(%) Conversion(%) Yield(%) 
37 23.3 11.9 32.9 15.0 
38 18.0 8.0 27.0 11.5 
39 26.4 13.5 31.8 15.5 
40 29.9 15.0 39.5 16.3 
41 13.3 4.4 20.3 9.1 




5.3 Conclusions  
 Five unexpected pyridine-carbamoyl Re(I) complexes was formed when 
introducing base in the complexation reaction between pyridine-amine ligands 
and Re(I) metal precursor. The mechanism of this formation was proposed. 
Similar ligands with different functional groups were used to study their 
influence to this reaction.   
While only RR'NH group is involved in the ligand system, carbamoyl Re(I) 
complexes are formed because of the attacking carbonyl group by amine. No 
attacking carbonyl group happens while mono-functional Ar-OH and alkyl-
OH groups are used, bi-rhenium and mono-rhenium complexes are formed 
respectively. While bi-functional ligands with Ar-OH and alkyl-OH are used, 
Ar-OH group was deprotonated and coordinates to metal center while alkyl-
OH group remains dangling in the structures of products. 
   In general, the pyridine-carbamoyl Re(I) complexes show low catalytic 





5.4 Experimental section 
5.4.1 Materials and characterization methods. All the starting materials 
were used as purchased from Sigma–Aldrich and Alfa Aesar. All NMR 
spectra were measured on ACF300 MHz FT NMR spectrometer. Elemental 
analyses were performed on a Perkin-Elmer PE 2400 elemental analyzer. 
Mass spectra were obtained using Finnigan LCQ quadrapole ion trap mass 
spectrometer. Synthesis of L10-L14 has been described in chapter 4. Reaction 
procedure for cis-cyclooctene epoxidation reaction has been described in 
chapter 4.  
 
5.4.2 Synthesis of pyridine-carbamoyl Re(I) complexes (37-41) 
Ligands (L10-L14) (1 mmol) were dissolved in 20 mL dried DCM, 1.1 mmol t-
BuOK was added in to the reaction. The mixture was stirred for 10 minutes. 
Re(CO)5Br (0.406 g, 1 mmol) was then added and the mixture refluxed 
overnight. The solvent was removed under vacuum and the residue was 
purified via column chromatography(MeOH/CH2Cl2: 1/40) 
L10(C=O)Re(CO)3(37): (Yield: 0.35 g, 67%) ESI-MS(m/z): 523 ([M+H]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.93(d,  1H, py-H), 7.91(t, 1H, py-H), 
7.55-7.52(d, 1H, py-H), 7.29-7.26(t, 1H, py-H), 4.57(s, 2H, pyCH2N), 3.60(t,  
2H, NCH2CH2), 2.36(t, 2H, NCH2CH2CH2SCH3), 2.03(s, 3H, SCH3), 1.81-
1.71(t, 2H, NCH2CH2CH2SCH3). 13C-NMR(300 MHz, CDCl3): δ(ppm) = 
206.18(C=O), 190.83(C≡O), 189.70(C≡O), 188.48(C≡O), 160.84(py-C), 
158.22(py-C), 139.92(py-C), 125.30(py-C), 124.70(py-C), 58.33(pyCH2N), 
44.39(NCH2CH2CH2SCH3), 31.56(NCH2CH2CH2SCH3),  
28.68(NCH2CH2CH2SCH3), 15.53(NCH2CH2CH2SCH3). Anal.Calcd for 
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C15H15N2O5SRe: C, 34.54; H, 2.9; N, 5.37; S, 6.15. Found: C, 34.55; H, 2.83; 
N, 5.31; S, 5.68. 
L11(C=O)Re(CO)3(38): (Yield: 0.32 g, 58%) ESI-MS(m/z): 555 ([M+H]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.88(d,  1H, py-H), 7.69(t, 1H, py-H), 
7.18(m, 2H, ph-H), 7.12(d, 1H, py-H), 6.89(t, 2H, ph-H), 6.77(d, 1H, py-H), 
4.78(s, 2H, NCH2ph), 4.46(s,  2H, pyCH2N), 3.70(s, 3H, OCH3). 13C-
NMR(300 MHz, CDCl3): δ(ppm) = 205.44(C=O), 191.11(C≡O), 190.03(C≡O), 
188.63(C≡O), 161.19(py-C), 157.79(py-C), 157.68(ph-C), 139.28(py-C), 
130.62(ph-C), 128.23(ph-C), 126.95(ph-C), 125.10(py-C), 124.24(py-C), 
120.53(ph-C), 110.26(ph-C), 56.86(OCH3), 55.25(NCH2ph), 42.44(pyCH2N). 
Anal.Calcd for C19H15N2O6Re: C, 41.23; H, 2.73; N, 5.06. Found: C, 41.16; H, 
2.93; N, 4.68. 
L12(C=O)Re(CO)3(39): (Yield: 0.31 g, 63%) ESI-MS(m/z): 493 ([M+H]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.91(d,  1H, py-H), 7.92(t, 1H, py-H), 
7.51(d, 1H, py-H), 7.26-7.25(t, 1H, py-H), 4.68(s, 2H, pyCH2N), 3.73(t,  2H, 
NCH2CH2), 3.41(t, 2H, NCH2CH2OCH3), 3.24(s, 3H, SCH3). 13C-NMR(300 
MHz, CDCl3): δ(ppm) = 206.07(C=O), 190.97(C≡O), 189.78(C≡O), 
188.57(C≡O), 161.39(py-C), 157.88(py-C), 139.45(py-C), 125.76(py-C), 
124.38(py-C), 73.60(NCH2CH2OCH3), 59.07(OCH3), 58.57(NCH2CH2OCH3), 
44.73(pyCH2N). Anal.Calcd C14H13N2O6Re: C, 34.21; H, 2.67; N, 5.7. Found: 
C, 34.37; H, 2.67; N, 5.66. 
L13(C=O)Re(CO)3(40): (Yield: 0.36 g, 68%) ESI-MS(m/z): 531 ([M+H]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.88(d,  1H, py-H), 7.76(t, 1H, py-H), 
7.26-7.20(t, 1H, py-H), 7.26-7.20(t, 1H, py-H), 7.10(d, 1H, py-H), 7.07(d, 1H, 
thiophene-H), 6.88-6.85(m, 2H, thiophene-H), 4.91(s, 2H, NCH2Th), 4.51(s,  
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2H, pyCH2N). 13C-NMR(300 MHz, CDCl3): δ(ppm) = 205.71(C=O), 
190.81(C≡O), 189.49(C≡O), 188.41(C≡O), 160.72(py-C), 157.82(py-C), 
142.46(Th-C), 139.43(py-C), 126.42(Th-C), 125.91(Th-C), 125.28(py-C), 
124.99(Th-C), 124.44(py-C), 56.68(NCH2Th), 42.29(pyCH2N). Anal.Calcd 
for C16H11N2O5SRe: C, 36.29; H, 2.09; N, 5.29; S, 6.06. Found: C, 36.13; H, 
2.24; N, 5.24; S, 5.78. 
L14(C=O)Re(CO)3(41): (Yield: 0.302 g, 72%) ESI-MS(m/z): 520 ([M+H]+). 
1H-NMR (300 MHz, CDCl3): δ(ppm) = 8.92(d,  1H, py-H), 7.94(t,  1H, py-H), 
7.58(d, 1H, py-H), 7.26-7.25(t, 1H, py-H), 4.59(s, 2H, pyCH2N), 3.58(t,  2H, 
NCH2CH2CH2N(CH3)2), 2.29(s, 6H, NCH2CH2CH2N(CH3)2), 1.77(m, 2H, 
NCH2CH2CH2N(CH3)2). 13C-NMR(300 MHz, CDCl3): δ(ppm) = 206.19(C=O), 
190.91(C≡O), 189.80(C≡O), 188.55(C≡O), 160.96(py-C), 158.18(py-C), 
140.00(py-C), 125.55(py-C), 124.70(py-C), 58.07(pyCH2N), 
56.86(NCH2CH2CH2N(CH3)2), 44.96(NCH2CH2CH2N(CH3)2), 
43.08(NCH2CH2CH2N(CH3)2), 26.96(NCH2CH2CH2N(CH3)2).  Anal.Calcd 
for C16H18N3O5Re: C, 37.06; H, 3.5; N, 8.1. Found: C, 37.11; H, 3.71; N, 7.81. 
 
5.4.3 Synthesis of Re(I) complexes (42-44) 
[HL15Re(CO)3Br](42): Pyridine-2-carbaldehyde (0.57 mL, 6 mmol) and 3-
aminopropan-1-ol (0.451 g, 6 mmol) were transferred into flask with 25 mL of 
methanol. The resulting solution was stirred overnight room temperature. The 
solvent is removed by vacuum to afford HL15. The ligand HL15 was directly 
used for complexation without purification. 1mmol of ligands HL15 was 
dissolved in 20 mL of anhydrous DCM, 1.1 mmol t-BuOK was added in to the 
reaction. The mixture was stirred for 10 minutes. Re(CO)5Br (0.406 g, 1 mmol) 
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was added and the mixture refluxed overnight. The solvent was removed 
under vacuum and the residue was purified via column chromatography (pure 
CH2Cl2 to MeOH/CH2Cl2: 1/30) (Yield: 0.39 g, 76%). ESI-MS(m/z): 435 ([M-
Br]+). 1H-NMR (300 MHz, DMSO-d6): δ(ppm) = 9.21(s,  1H, pyCHN), 
9.04(m, 1H, py-H), 8.32-8.25(m, 2H, py-H), 7.78(t, 1H, py-H), 4.71(s, 1H, 
OH), 4.15-4.12(m, 2H, NCH2CH2CH2O), 3.51(m, 2H, NCH2CH2CH2O), 2.15-
2.00(m, 2H, NCH2CH2CH2O). Anal.Calcd for C13H12NO5Re: C, 28.02; H, 
2.35; N, 5.45. Found: C, 27.82; H, 2.58; N, 5.11. 
[L16Re(CO)3]2(43): HL2 (0.193 g, 1 mmol) was transferred into flask with 25 
mL of methanol.NaBH4 (0.116 g, 3 mmol) was added into the resulting 
mixture and the mixture was stirred at 50 °C for 4 hours. Solvent was removed 
under reduced pressure. The residue was dissolved in 40 mL of CH2Cl2 and 
was extracted three times with 20 mL of water. The CH2Cl2 layer was dried 
over anhydrous MgSO4. MgSO4 was filtered off and the organic layer was 
evaporated to dryness. Ligand HL16 obtained was purified via column 
chromatography (MeOH/CH2Cl2: 1/50 to 1/30). The ligand HL16 was directly 
used for complexation. 0.5 mmol of ligands HL16 was dissolved in 20 mL of 
anhydrous DCM, 1.1 mmol of t-BuOK was added in to the reaction. The 
mixture was stirred for 10 mins. Re(CO)5Br (0.406 g, 1 mmol) was added and 
the mixture refluxed overnight. The solvent was removed under vacuum and 
the residue was purified via column chromatography (pure CH2Cl2 to 
MeOH/CH2Cl2: 1/20) (Yield: 0.39 g, 87%). ESI-MS(m/z): 544.3 
([L16Re(CO)3Br]-). 1H-NMR (300 MHz, CDCl3): δ(ppm) = 7.17(t,  1H, ph-H), 
7.02-7.00(d, 1H, ph-H), 7.55-7.52(d, 1H, py-H), 6.92-6.87(m, 2H, ph-H), 
4.72-4.67(m, 1H, phCH2N), 4.41(s, 1H, NH), 4.24-4.20(m, 1H, phCH2N), 
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4.00-3.97(m, 1H, NHCH2CH2CH2OCH3), 3.76-3.71(m, 2H, 
NHCH2CH2CH2OCH3), 3.47(m, 1H, NHCH2CH2CH2OCH3), 3.43(s, 3H, 
OCH3), 2.33-2.25(m, 2H, NHCH2CH2CH2OCH3). Anal.Calcd for 
C14H16NO5Re: C, 36.2; H, 3.47; N, 3.02. Found: C, 37.07; H, 3.81; N, 2.99. 
[L17Re(CO)3]2(44): 2-hydroxybenzaldehyde (0.733 g, 6 mmol) and 3-
aminopropan-1-ol (0.451 g, 6 mmol) were transferred into flask with 25 mL of 
methanol. The resulting solution was stirred overnight at room temperature. 
The solvent is removed by vacuum to afford HL17. The ligand HL17 was 
directly used for complexation without purification. 0.5 mmol of ligands HL17 
was dissolved in 20 mL of anhydrous DCM, 1.1 mmol of t-BuOK was added 
in to the reaction. The mixture was stirred for 10 minutes. Re(CO)5Br (0.406 g, 
1 mmol) was added and the mixture refluxed overnight. The solvent was 
removed under vacuum and the residue was purified via column 
chromatography (pure CH2Cl2 to MeOH/CH2Cl2: 1/30) (Yield: 0.275 g, 61%). 
ESI-MS(m/z): 528 ([L17Re(CO)3+Br]-), 976 ([M+Br]-). 1H-NMR (300 MHz, 
DMSO-d6): δ(ppm) = 8.36(s,  1H, PhCHN), 7.30-7.27(m, 2H, Ph-H), 6.77(m, 
1H, Ph-H), 6.60(t, 1H, Ph-H), 4.6(s, 1H, OH), 4.08-4.06(m, 2H, 
NCH2CH2CH2O), 3.45(m, 2H, NCH2CH2CH2O), 2.01-1.91(m, 2H, 
NCH2CH2CH2O). Anal.Calcd for C13H12NO5Re: C, 34.82; H, 2.7; N, 3.12. 
Found: C, 34.84; H, 3.33; N, 3.36. 
 
 
5.4.4  Crystallographic information 
Measurement conditions: referring to section 2.4.3  
Table 5.4.4.1 Crystallographic data and refinement parameters for complexes 
37, 38, 39, 40. 
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Compound 37 38 39 40 
Empirical 
formula 
C15H15N2O5ReS C19H15N2O6Re C14H13N2O6Re C16H11N2O5Re
S 
Formula weight 521.55 553.53 491.46 529.53 
Temperature / 
K 
100(2) 293(2) 100(2) 100(2) 
Wavelength / Å 0.71073 0.71073 0.71073 0.71073 
Crystal system Monoclinic Monoclinic Orthorhombic Monoclinic 
Space group P2(1)/n P2(1)/n P2(1)2(1)2(1) P2(1)/c 
a / Å 8.1919(9) 8.7344(11) 9.4053(11) 8.4686(10) 
b / Å 21.972(2) 12.3130(16) 9.9489(12) 20.799(3) 
c / Å 9.7075(11) 9.1209(11) 16.5316(19) 9.6571(11) 
/ ° 90 90 90 90 
/ ° 100.027(2) 107.726(2) 90 101.486(2) 
/ ° 90 90 90 90 
Volume / Å3 1720.6(3) 934.4(2) 1546.9(3) 1666.9(3) 








7.210 6.542 7.888 7.445 
F(000) 1000 532 936 1008 
Crystal size / 
mm3 
0.29 x 0.26 x 
0.06 
0.35 x 0.34 x 
0.22 
0.36 x 0.26 x 
0.20 
0.48 x 0.30 x 
0.20 
Theta range for 
data collection 
/ ° 
2.32 to 27.49 2.34 to 27.49 2.39 to 27.50 1.96 to 27.49 
Reflections 
collected 
12102 6511 10860 11609 
Independent 
reflections 
3937 [R(int) = 
0.0409] 
3675 [R(int) = 
0.0215] 
3542 [R(int) = 
0.0259] 
3805 [R(int) = 
0.0245] 
Data / restraints 
/ parameters 
3937 / 0 / 218 3675 / 1 / 254 3542 / 0 / 209 3805 / 0 / 226 
GOF 1.047 0.962 1.058 1.091 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0286, 
wR2 = 0.0739 
R1 = 0.0179, 
wR2 = 0.0408 
R1 = 0.0172, 
wR2 = 0.0402 
R1 = 0.0204, 
wR2 = 0.0512 
R indices (all 
data) 
R1 = 0.0317, 
wR2 = 0.0757 
R1 = 0.0182, 
wR2 = 0.0421 
R1 = 0.0179, 
wR2 = 0.0404 
R1 = 0.0222, 
wR2 = 0.0519 
Largest diff. 
peak and hole / 
e.Å-3 
2.916 and -1.655 1.003 and -0.656 1.187 and -0.561 1.412 and -0.561 
 
Table 5.4.4.2 Crystallographic data and refinement parameters for complexes 
41, 42, 43. 
Compound 41 42 43 
Empirical formula C16H18N3O5Re C12H12BrN2O4Re C28H32N2O10Re2 
Formula weight 518.53 514.35 928.95 
Temperature / K 100(2) 100(2) 100(2) K 
Wavelength / Å 0.71073 0.71073 0.71073 
Crystal system Monoclinic Triclinic Triclinic 
Space group P2(1)/n P -1 P -1 
a / Å 8.0737(13) 7.2048(14) 7.123(6) 
b / Å 22.219(4) 7.6102(16) 9.271(8) 
c / Å 9.8169(15) 13.517(3) 11.690(10) 
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/ ° 90 82.369(7) 109.587(15) 
/ ° 95.630(3) 75.626(6) 96.739(16) 
/ ° 90 80.666(6) 100.193(16) 
Volume / Å3 1752.5(5) 705.1(3) 702.8(11) 




1.965 2.423 2.195 
Absorption 
coefficient / mm-1 
6.965 11.463 8.667 
F(000) 1000 480 444 
Crystal size / mm3 0.45 x 0.37 x 0.18 0.40 x 0.32 x 0.16 0.460 x 0.260 x 0.200 
Theta range for 
data collection / ° 
1.83 to 27.50 2.725 to 27.492 1.884 to 27.497 
Reflections 
collected 
12293 14299 9163 
Independent 
reflections 
4037 [R(int) = 
0.0322] 
3236 [R(int) = 
0.0395] 
3227 [R(int) = 
0.0386] 
Data / restraints / 
parameters 
4037 / 0 / 228 3236 / 4 / 187 3227 / 0 / 194 
GOF 1.102 1.077 1.126 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0231, wR2 
= 0.0586 
R1 = 0.0300, wR2 
= 0.0778 
R1 = 0.0209, wR2 = 
0.0529 
R indices (all data) R1 = 0.0254, wR2 
= 0.0595 
R1 = 0.0314, wR2 
= 0.0785 
R1 = 0.0214, wR2 = 
0.0533 
Largest diff. peak 
and hole / e.Å-3 
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